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Abstract
Tackling the worldwide severe water shortage, the membrane technology is considered to
be the most efficient approach and hence, used widely as a cost-effective sustainable solution.
“Forward osmosis (FO)” has been the major attention in recent time. FO uses osmotic pressure as
the driving force to draw the water passing the membrane and achieve the desired separation
performance. In general, it is considered to be a process with tremendous potential to resolve the
present-day water shortage with extremely low energy consumption. However, the challenges of
membrane and draw solution regeneration associated with FO processes must be conquered prior
to their large-scale application.
In this study, we demonstrated several approaches to enhance the antifouling and FO
performance by improving the constituent material as well as developed a novel thermo-responsive
process with economic regeneration of the draw solution. The surface charge and fouling
adsorption mechanism have been tuned by introducing Polyethylenimine (PEI) on the membrane.
Zwitterionic monomer, AEPPS was used to introduce the polyamide layer by conventional in-situ
modification and second interfacial polymerization (SIP), respectively. The excellent antifouling
surface was verified using a series of fouling test with charged protein adsorption, bacterial
adhesion, model secondary wastewater effluents, and hydraulic fracturing produce water.
Beyond the surface decoration, the ultra-thin graphene oxide (GO) FO membrane was
fabricated by pressure-assisted self-assembly (PASA). The nanostructure alteration inside the GO
layer and crosslinking mechanism was investigated, which could provide a significant
advancement to GO material development in the future. Also, we proposed a novel thermo
responsive draw solution, which is synthesized from natural and non-toxic material, chitosan.
Along with the temperature control, the free volume of the draw solute showed a stable and

repeatable change in confirmation. This draw solution has very good prospect to be employed in
bio or food-related separation application.
This work is an overall FO process research, which not only enhanced the FO performance
and antifouling properties but investigated the material science in detail. Although FO processes
are developing and several obstacles are yet to be resolved in terms of large-scale applications, the
prospect of commercialization of FO for niche application is expected.
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Chapter 1. Introduction

1

Water scarcity is a major concern worldwide. The United Nations reported that the global
water used in past six years is more than the past 100 years and continues to grow steadily at a rate
of about 1% per year in the World Water Development Report 2018. Water demand dramatically
increases continually because of population growth, economic development, changing
consumption patterns and climate change, among other factors. The world population is forecasted
to increase from 7.7 billion to 9.4–10.2 billion by 2050 [6]. In addition, the International Water
Management Institute (IWMI) predicted that water shortages will be experienced not only in
Africa and in the Middle East but also in Asia–Pacific regions and in Central and South America
by 2025 (Figure 1) [7].

Figure 1

Projected water scarcities in 2025 (IWMI, 2002).[7, 8]

Although 71% of the earth is covered by water, including ocean, lake, groundwater, river,
glacier and ice caps, only about 2.5% is fresh water [9]. More than two thirds of the freshwater is
frozen in the ice caps and glaciers, indicating that less than 1% fresh water is usable (Figure 2)
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[10]. Water treatment is another important concern. The World Health Organization (WHO)
reported that 2.1 billion people lack access to safely managed drinking water services, 4.5 billion
people lack safely managed sanitation services and 340,000 children under 5 years of age die every
year from diarrhea.[11] Thus, water treatment plays an important role in maintainable water
resources.

Figure 2

Distribution of the earth water resource. [10]

Forward osmosis (FO) is an economical method of producing clean drinking water and
treating wastewater to protect sustainable water resources. Considering that FO is a developing
membrane technology which has not been widely employed, we aim to provide an for its
continuous growth and advancement.
1.1 Membrane separation technology
Membrane separation is a technology that combines with various fundamental and applied
sciences. For example, the development of membrane materials depends on polymer physics,
polymer chemistry and organic chemistry; membrane formation depends on thermodynamics and
chemical reaction engineering; and membrane transport concerns fluid dynamics, mass transfer
and heat transfer. Membrane applications range from pharmaceutics, biotechnology, medicine,
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food science and petroleum chemistry to environmental protection. The advantages of membrane
separation processes are as follows [12]:
•

Continuous separation processes

•

Low energy consumption

•

Low footprint

•

Easy scale-up

•

Adjusted membrane properties

•

Easy combination with other separation processes (hybrid processes)

However, the applications of these processes are limited by drawbacks such as low flux or
selectivity, short membrane lifetime, concentration polarization, membrane fouling, poor chemical
stability, biocompatibility and mechanical properties. Therefore, studies related to membranes,
including their materials and processes, must aim to overcome these drawbacks. The demand for
membrane-based separation has grown exponentially, and the membrane market is estimated to
increase at 6.5% from 2017 to 2024 [13]. This increase in demand can be ascribed to the
applications of membrane separation in many aspects, such as concentration, purification,
fractionation and reaction mediation [12]. Membrane separation is expected to play an extremely
important part in the separation process of the future.
The membrane is an interface between two phases. The membrane prevents relative transport
between the phases. Depending on the application, the membrane can be optimized and applied to
various separation processes, such as FO, membrane distillation, reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF), microfiltration (MF), gas separation, pervaporation and
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electrodialysis [12, 14-18]. Membrane separations can be accomplished by different driving forces.
In general, the driving forces of membrane separation can be classified into differences in pressure
(∆P), concentration (∆C), temperature (∆T) and electrical potential (∆E) (Table 1). Membrane
performance is influenced by the feed stream properties, such as molecular size (Figure 3), affinity,
vapour pressure, density and charge. Molecular size has been widely utilized in membrane
classification [19].

Figure 3

Membrane classification chart.[20]
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Table 1

Driving force of membrane process and the state of two-phases[12].

Membrane process

Phase 1

Phase 2

Driving force

Microfiltration

Liquid

Liquid

Ultrafiltration

Liquid

Liquid

∆P

Nanofiltration

Liquid

Liquid

Reverse osmosis

Liquid

Liquid

Gas separation

Gas

Gas

Vapor permeation

Gas

Gas

Pervaporation

Liquid

Gas

Electrodialysis

Liquid

Liquid

Dialysis

Liquid

Liquid

Membrane
contactors

Liquid

Liquid

Gas

Liquid

Liquid

Gas

Membrane
distillation

Liquid

Liquid

Forward osmosis

Liquid

Liquid

Pressure retarded
osmosis

Liquid

Liquid

∆P
∆P
∆P
∆P
∆P
∆P

∆E

∆C
∆P

∆C/∆P
∆C/∆P
∆T

∆C

∆C/∆P

The structure/morphology and performance of the membrane is influenced by its formation.
In general, symmetric and asymmetric are the basic characteristics to distinguish the membrane
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structure. The symmetric structure can be subdivided into cylindrical porous, porous and dense, as
shown in Figure 4. However, the asymmetric membrane, which is widely used in the industry, has
three main types, namely, finger-like, sponge-like and composite. The composite membrane,
which is composed of a porous support membrane and a dense selective layer, is the most
commonly employed in NF, RO and FO [21]. The dense selective layer can be prepared using
several methods, such as interfacial polymerization (IP), plasma polymerization and casting. The
dense selective layer of the commercial membrane is mostly fabricated by IP [22], which will be
used in this study.

Figure 4
Cross-section SEM images of (A) cylindrical porous[12], (B)porous [23], (C)
dense[24], (D) finger-like, (E) sponge-like[25], (F) composite structure[4].
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1.2 Interfacial polymerization (IP)
IP is an essential method to manufacture commercial thin-film composite (TFC) membrane.
The TFC membrane was first developed by Cadotte in 1978 [26]. In his study, piperazine and
trimesoyl chloride (TMC) were used to create a thin-film polyamide layer on the support
membrane. The principle of IP is to form a polymer interface between two miscible phases by
dissolving reactive monomer in each phase. For instance, the classical IP for preparing TFC RO
and FO membranes is performed between an aqueous solution containing m-phenylenediamine
and an organic solution containing TMC; then, a thin film polymer interface forms on the
membrane surface. The common procedure and polymer structure for fabricating the TFC
membrane are shown in Figure 5, Figure 6, respectively.

Figure 5

Procedure for fabricating TFC membrane.
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Figure 6

Structure of thin film layer formed via interfacial polymerization.

Given its high permeatability and high selectivity, IP modification has attracted the
attention of FO researchers. Various additives, including monomers, polymers and inorganic
compounds, have been incorporated into the polyamide layer by conventional in situ modification.
Examples of these additives include tris(2-aminoethyl)amine [27], titanium dioxide (TiO2)
nanoparticles/halloysite nanotube (HNT)[28], graphene oxide [29], polyethylenimine[1],
polydopamine[30], zwitterionic monomer[14] and so on. However, the structure of the selectivity
layer can be influenced in the composites, which may lead to compound rejection. Thus, the second
IP was reported to maintain higher rejection and provide functional chain on the membrane surface.
Elimelech’s group grafted poly(ethylene glycol) diglycidyl ether on a polyamide layer to enhance
its anti-fouling ability [31]. After modification, the water flux is decreased because the polymer
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chain raises the mass transport resistance. Chapter 4 presents the grafting of a superhydrophilic
zwitterionic monomer AEPPS via second IP. AEPPS not only confers anti-fouling and antibacterial abilities but also increases water permeability. The principle of second IP is to use
residual unreacted chloride acid on the TMC monomer to react the other aqueous phase containing
the reactive monomer. This technique is more stable than the layer-by-layer polyelectrolyte
modification because each layer is connected by covalent bonds instead of electrostatic interaction.
In this study, we used either conventional or second IP to fabricate an FO membrane.

1.3 Forward osmosis
In water treatment, RO is generally a more common process than osmosis. Thus, a brief
description of RO is given prior to further discussion of osmosis. RO uses hydraulic pressure to
oppose and exceed the osmotic pressure of an aqueous feed solution to produce purified water. In
RO, the applied pressure is the driving force of mass transport through the membrane; by contrast,
FO is a unique and emerging separation technology driven by a spontaneous force to recover water
by osmotic pressure difference across a semi-permeable membrane. RO requires an external
hydraulic pressure to exceed the osmotic pressure of an aqueous feed solution to permeate clean
water, whereas FO only requires low hydraulic pressure for water transfer. This advantage is the
reason, why FO has several potential applications, such as in power generation [32], desalination
[33], wastewater treatment by membrane bioreactor (MBR) [34], food and [35], pharmaceutical
purification[36]. Despite its lack of wide commercial applications, FO has a huge potential as a
green energy process in water resources. Therefore, FO is expected to be a hot research topic in
the future.
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Therefore, to aid in the global drive to achieve sustainable water resource, this thesis seeks
to use FO for the low-cost production of clean drinking water and treatment of wastewater. This
research studies the principle, advantages and challenges of FO. The three major challenges in FO,
namely, membrane, draw solution and potential application development, will be studied, and the
chemical reaction mechanisms will be elucidated in this PhD research.

1.3.1 Principle
Osmosis is the diffusion of water through a partially permeable barrier from a solution of
low solute concentration (high water potential) to a solution of high solute concentration (low
water potential). The inherent energy of this natural process is known as the chemical potential,
specifically the water potential, due to the difference in concentration of the two solutions.
Osmosis may be countered by increasing the pressure (Δp) in the region of high solute
concentration with respect to that in the region of low solute concentration. This is equivalent to
the osmotic pressure of the solution. The osmotic pressure difference (Δπ) or gradient is a measure
of the driving force of water transported from a solution of low solute concentration across a
membrane into a solution of high solute concentration. Hence, the driving force of osmosis can be
determined by calculating Δπ.
𝜋𝜋 = 𝐶𝐶𝑗𝑗 × 𝑅𝑅 × 𝑇𝑇/𝑀𝑀

(1)

The relationship between the osmotic pressure (π) and the solute concentration cj, is called the Van
’t Hoff equation[12].
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Figure 7

Concept of forward osmosis.

The osmotic pressure difference is the driving force in FO process (Figure 7), FO results
in concentration of a feed stream and dilution of a highly concentrated stream (the draw solution).
The general equation describing water transport in FO, RO and PRO is
𝐽𝐽𝑤𝑤 = A(𝜎𝜎∆𝜋𝜋 − ∆𝑃𝑃)

(2)

where Jw is the water flux, A the water permeability constant of the membrane, σ the reflection
coefficient, and ∆P is the applied pressure [37].

The process of FO is similar to that of the more common RO in that both utilise the

transport of water across a semi-permeable membrane. As shown in Figure 3, FO employs a
negative Δπ for the transport of water from the feed side (lower solute concentration) across the
highly selective membrane into the brine side until Δπ becomes zero, with the rate of water
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transport proportional to Δπ. In RO, an external hydraulic pressure (Δp) which is larger than the
opposing Δπ is used as a driving force, with the rate of water transport proportional to the
difference in Δp and Δπ. In Pressure retarded osmosis (PRO), which is used for power generation
under Δp < Δπ, the driving force is capable of overcoming Δp for the transport of water into the
brine solution [38].

Figure 8
Solvent flows in FO, PRO, and RO. For FO, ΔP is approximately zero and water
diffuses to the more saline side of the membrane. For PRO, water diffuses to the more saline
liquid that is under positive pressure (Δπ >ΔP). For RO, water diffuses to the less saline side due
to hydraulic pressure (ΔP >Δπ) [19].

Moreover, Figure 4 shows the direction and magnitude of water flux as a function of
applied pressure in FO, PRO and RO. FO occurs when the hydraulic pressure difference is zero.
The PRO zone is where the applied pressure difference is between zero and the flux reversal point,
and the RO zone is where the applied pressure difference is greater than the osmotic pressure
difference.
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Figure 9

Direction and magnitude of water as a function of ΔP [38].

1.3.2 Advantages of Forward osmosis
FO has a range of potential benefits resulting from the low hydraulic pressure required by
this osmotically driven process. First, FO helps achieve low energy consumption and low costs if
suitable draw solutes and their regeneration methods can be economically and completely
developed [39]. Moreover, membrane fouling in FO is relatively low, reversible and can be
minimised by optimising the hydrodynamics of the system. A variety of contaminants can also be
effectively rejected via FO. FO also has the potential to help achieve high water flux and high
water recovery because of the high osmotic pressure gradient across the membrane. High water
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recoveries could help reduce the volume of desalination brine, which is a major environmental
concern for current desalination plants, particularly inland desalination plants [33].
In liquid food and pharmaceutical processing, FO has the advantage of maintaining the
physical properties (e.g. colour, taste, aroma and nutrition) of the feed without deteriorating its
quality because the feed is not pressurised or heated. For medical applications, FO can assist in the
release of drugs with low oral bioavailability (e.g. poor solubility) in a controlled manner by
osmotic pumps [36]. Given its diverse range of potential benefits, FO has been proposed for use
and investigated in various applications, such as power generation [32], desalination [33],
membrane bioreactor(MBR) [34], food science [35], pharmaceutical purification [36].
1.3.3 Challenges in Forward osmosis
Although osmotically driven membrane processes have been widely and deeply
investigated in various applications, FO is still facing some critical challenges. Concentration
polymerisation, reverse solute diffusion and draw solution are three main challenges in FO.
1.3.3.1 Concentration polymerization
FO modelling is a highly important tool for process design and performance projection.
FO modelling allows researchers to predict water flux for an FO operation with different FO
membranes, feed and draw solutions, and operating conditions without conducting a physical
experiment. This process is vital when selecting a draw solution and for scaling-up the FO process.
The challenge in predicting the flux for FO effectively and accurately is the selection of an accurate
model suitable for a wide range of testing conditions. In membrane process modelling, especially
FO, the external concentration polarisation (ECP) effect, the internal concentration polarisation
(ICP) effect and the membrane permeability must be considered, and their effects must be
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developed separately before combining them to allow accurate flux prediction in an FO process.
Both ECP and ICP have significant impacts on FO because they extensively reduce the effective
osmotic pressure across the membrane [40] (Figure 3). In general, ECP occurs at the surface of the
dense active layer of the membrane, and ICP occurs within the porous support layer of the
membrane.

Figure 10 Effects of internal and external concentration polarization in FO mode[41]

The structural parameter of the membrane support layer S determines the extent of internal
concentration polarisation in FO, and it is the product of the thickness and tortuosity, divided by
the porosity (i.e. S=tτ/ε) of the membrane’s porous support layer. Experiments were performed in
the FO test apparatus to calculate S following the protocol described in earlier studies [42]. The
water flux Jw using a NaCl draw solution and deionised water feed solution was measured with the
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membrane in FO mode (i.e. active layer facing the feed solution). The membrane support structural
parameter was determined using [43]
𝐷𝐷

𝐵𝐵+𝐴𝐴𝜋𝜋𝐷𝐷,𝑏𝑏

𝑆𝑆 = 𝐽𝐽 𝑆𝑆 ln �𝐵𝐵+𝐽𝐽
𝑊𝑊

𝑊𝑊 +𝐴𝐴𝐴𝐴𝐹𝐹,𝑚𝑚

(3)

�

where DS is the diffusivity of the draw solute, πD,b is the bulk osmotic pressure of the draw solution,
and πF,m is the osmotic pressure at the membrane surface on the feed side (zero for deionized water
feed).
1.3.3.2 Reverse solute diffusion
In FO, reverse diffusion of the solute from the draw solution through the membrane to the
feed solution is also inevitable because of concentration differences. The reverse diffusion of the
draw solute must be carefully considered because it might influence the transport process. The
specific reverse solute flux, which is defined as the ratio of the reverse solute flux to the forward
water flux, is a measure of membrane selectivity [44]. This parameter provides a third parameter
for the evaluation of FO performance in addition to the permeate flux and salt rejection. A high
ratio reflects a decrease in membrane selectivity and a low FO efficiency. This finding has
significant implications because it poses another criterion for the development of a new FO
membrane: high selectivity of the membrane active layer. This feature can minimise the reverse
solute diffusion and thus improve FO performance. Overall, reverse solute diffusion is challenging
in FO, and it should be considered and minimised in the development or design of both FO
membranes and draw solutes.
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1.3.3.3 Draw solution
An important criterion in some FO applications is the availability of a suitable process for
the effective re-concentration of the draw solution after it has been diluted. The re-concentration
process should achieve a high recovery of the draw solution to minimise losses, be affordable and
be able to produce high-quality water. For example, when considering FO for the production of
potable water, draw solutes should be absent in the final water product, and trace concentrations
must be below the maximum contaminant level in drinking water. Other considerations for the
selection of suitable draw solutions are that the solute is water soluble, is solid at ambient
temperature and pressure, can be safely handled and is cost effective enough to ensure the
economic viability of the process [45].
A NaCl draw solution is commonly used because it is highly soluble, non-toxic at low
concentrations and relatively easy to re-concentrate using conventional desalination processes (e.g.
RO or distillation) without the risk of scaling [45]. Other chemicals have also been suggested and
tested as draw solutes such as CaCl2, Ca(NO3)2, and ammonia-carbon dioxide [33].
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1.3.4 Experimental setup
Forward osmosis setup
The FO set up is made from the center of membrane technology in Chung Yuan Christian
University, Taiwan (CMT) and Membrane science Inc., Taiwan. Figure 11 is a schematic drawing
and photo of the FO apparatus. The stainless FO membrane cell with 20 cm2 effective surface area
was used. The flow rate on both sides was fixed at 1.1 L/min and run in counter-current flow. A
computer-connected analytical balance (Shimadzu Model UX6200H, Tokyo, Japan) recorded the
permeate, which was used to calculate the water flux. Reverse salt flux was determined by the
conductivity (WTW 3310, Germany).

Figure 11

Schematic and photo of the laboratory-scale FO set-up.
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A custom-made digital forward osmosis apparatus was used to estimate water flux and
reverse salt flux. Sodium chloride solutions with concentrations varying from 1 M to 4 M were
used as the draw solute, and deionised water was used as feed at 20±2 ℃. Both PRO mode (the
active membrane layer facing the draw solution) and FO mode (the active membrane layer facing
the feed solution) were investigated. The cross-flow velocities were maintained at 1 L/min for both
the feed and draw sides. The pressure in the tubing was fixed at 0.25 bar. The reverse salt flux was
estimated by the conductivity of the feed.
The FO water flux (Jw) was obtained by measuring the weight change of the draw solution
according to the Eq. (4).

𝐽𝐽𝑤𝑤 = (𝐴𝐴

∆𝑉𝑉

𝑚𝑚 ∙∆𝑡𝑡)

=

∆𝑚𝑚
𝜌𝜌

(𝐴𝐴𝑚𝑚 ∙∆𝑡𝑡)

(4)

where ΔV is the volume change and Δm is the weight change of the draw solution over the
operation time interval Δt, ρ is the density of feed solution, and Am is the active membrane area.
The reverse solute flux Js was determined based on the change of the salt concentration in the feed
by the Eq. (5).
∆(𝐶𝐶𝑡𝑡 𝑉𝑉𝑡𝑡 )

𝐽𝐽𝑠𝑠 = (𝐴𝐴

𝑚𝑚 ∙∆𝑡𝑡)

(5)

where Ct is the salt concentration and Vt is the volume of the feed solution.
Reverse Osmosis setup
RO tests were conducted using a cross-flow RO system (Figure 12) to evaluate intrinsic
membrane properties. Intrinsic membrane properties, including pure water permeability A, solute
permeability B and solute rejection R, were characterised. Prior to data collection, the membrane
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was compacted at 100 psi for 3 h to obtain a steady water flux. Hydraulic pressure was reduced to
90 psi, and the flow rate was fixed at 0.6 LMP for at least 1 h prior to data collection. A in LMH/bar
was determined using Eqs. (6) and (7) as follows:
𝑅𝑅𝑅𝑅
𝐽𝐽𝑊𝑊
=

∆𝑉𝑉
𝐴𝐴𝑅𝑅𝑅𝑅
𝑚𝑚 × ∆𝑇𝑇

A=

𝑅𝑅𝑅𝑅
𝐽𝐽𝑊𝑊
∆𝑃𝑃

(6)
(7)

where ∆V is the volume difference of the permeate for a fixed period of 30 min (∆t). 𝐴𝐴𝑅𝑅𝑅𝑅
𝑚𝑚 is the

efficient active area (12 cm2) in the membrane cell. ∆P is the hydraulic pressure employed during
the membrane test in RO mode. R and B in LMH were determined using Eqs (8) and (9), as
follows:
𝑅𝑅 = �1 −
𝐵𝐵 =

𝐶𝐶𝑝𝑝
� × 100%
𝐶𝐶𝑓𝑓

1 − 𝑅𝑅
× 𝐴𝐴 × �∆𝑃𝑃 − ∆𝜋𝜋𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 �
𝑅𝑅

(8)
(9)

where 𝐶𝐶𝑝𝑝 and 𝐶𝐶𝑓𝑓 are the salt concentrations in the feed solution tank and permeate, respectively, as

detected by a conductivity meter (Cone 3110, TWT, Germany). ∆π_feed represents the osmotic
pressure in the feed solution (1,000 ppm NaCl). Following analysis in FO and RO modes, the
structural parameter S (mm) of the support layer was determined using Eq (3) [37].
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Figure 12

Schematic and photo of the laboratory-scale RO set-up
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1.4 Research objectives
Practical water treatment process must deliver the purified water at lesser cost. Therefore,
membrane separations have been deeply investigated recently. Forward osmosis is an emerging
technology for water treatment, and it has a lot of advantages mentioned in section 1.3.2. However,
there are some challenges forward osmosis must be overcome, which are described in section 1.3.3.
In order to understand, promote and optimize the performance of forward osmosis process,
there are four parts and a couple of research objectives will be studied in the research:
1.4.1 Membrane preparation and modification
Objective (1): Investigate performance of FO membranes via modification.
Objective (2): Enhance the antifouling property via membrane modification.
Objective (3): Studying membrane support fabrication.
1.4.2 Application
Objective (1): Investigate potential application of FO for wastewater treatment including
simulated secondary wastewater effluents and real produce water.
1.4.3 Develop novel draw solution
Objective (1): Synthesis of novel thermos-responsive draw solute.
Objective (2): Create economic draw solution recycle and reuse process.
1.4.4 Material investigation
Objective (1): Zwitterionic monomer and polymer synthesis and applied for FO membranes.
Objective (2): Graphene oxide (GO) synthesis and microstructure characterization.
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In this study, the research field is wide including membrane fabrication, surface
modification, material science applications, so each objective are unable to be separated. However,
in order to categorize my study, I have divided my research into independent publication shown
below,
 Chapter 2:
Y.-H. Chiao, A. Sengupta, S.-T. Chen, W.-S. Hung, J.-Y. Lai, L. Upadhyaya, X. Qian, S.R.
Wickramasinghe, Novel thin-film composite forward osmosis membrane using polyethylenimine
and its impact on membrane performance, Separation Science and Technology, (2019) 1-11.[1]
Contribution: Y.-H. Chiao made substantial contributions to conception and design, and
acquisition of data, and analysis and interpretation of data.
 Chapter 3:
Y.-H. Chiao, A. Sengupta, S.-T. Chen, S.-H. Huang, C.-C. Hu, W.-S. Hung, Y. Chang, X. Qian,
S. Ranil Wickramasinghe, K.-R. Lee, J.-Y. Lai, Zwitterion augmented polyamide membrane for
improved forward osmosis performance with significant antifouling characteristics, Separation
and Purification Technology, (2018).[2]
Contribution: Y.-H. Chiao made substantial contributions to conception and design, and
acquisition of data, and analysis and interpretation of data.
 Chapter 4:
Y.-H. Chiao, S.-T. Chen, T. Patra, C.-H. Hsu, A. Sengupta, W.-S. Hung, S.-H. Huang, X. Qian,
R. Wickramasinghe, Y. Chang, Zwitterionic forward osmosis membrane modified by fast second
interfacial polymerization with enhanced antifouling and antimicrobial properties for produced
water pretreatment, Desalination, 469 (2019) 114090.[3]
Contribution: Y.-H. Chiao made substantial contributions to conception and design, and
acquisition of data, and analysis and interpretation of data.
 Chapter 5:
W.-S. Hung, Y.-H. Chiao, A. Sengupta, Y.-W. Lin, S.R. Wickramasinghe, C.-C. Hu, H.-A. Tsai,
K.-R. Lee, J.-Y. Lai, Tuning the interlayer spacing of forward osmosis membranes based on
ultrathin graphene oxide to achieve desired performance, Carbon, (2018). [4]
Contribution: Y.-H. Chiao made substantial contributions to conception and design, and analysis
and interpretation of data.
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 Chapter 6:
R.L.G. Lecaros, Z.-C. Syu, Y.-H. Chiao, S.R. Wickramasinghe, Y.-L. Ji, Q.-F. An, W.-S. Hung,
C.-C. Hu, K.-R. Lee, J.-Y. Lai, Characterization of a Thermoresponsive Chitosan Derivative as a
Potential Draw Solute for Forward Osmosis, Environmental Science & Technology, 50 (2016)
11935-11942. [5]
Contribution: Y.-H. Chiao made substantial contributions to conception and design, and
interpretation of data.
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Chapter 2. Novel thin-film composite forward osmosis membrane using polyethylenimine
and its impact on membrane performance
Y.-H. Chiao, A. Sengupta, S.-T. Chen, W.-S. Hung, J.-Y. Lai, L. Upadhyaya, X. Qian, S.R.
Wickramasinghe
(Reproduced with permission from ref. [1], copyright (2019) Separation Science and Technology.)
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Abstract
Polyethylenimine (PEI), a cationic, hydrophilic flexible polymer has been incorporated into the
polyamide (PA) skin layer through an interfacial polymerization (IP) reaction. The modified thinfilm composite (TFC) membranes display improved forward osmosis performance: enhancement
in water permeability and antifouling characteristics. The incorporation of PEI into the skin layer
has been evidenced by different characterization techniques; FTIR for modification of surface
functionalities, zeta potential for surface charge, water contact angle for hydrophilicity of the
surface, SEM and AFM for surface morphologies including surface roughness, XPS for surface
attachment of heteroatoms and their relative composition. PEI was found to induce a positive zeta
potential, high degree of hydrophilicity and high factional free volume into the active skin layer.
The increase in the relative composition of PEI in the active skin layer was found to decrease the
surface roughness and the skin layer thickness. An optimized PEI composition showed
significantly enhanced water permeability, salt rejection and fouling resistance in FO and pressure
retarded osmosis (PRO) mode.
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2.1 Introduction
One of the modern-day concerns is having a sufficient supply of potable water for the future.
The different variations of desalination strategies have become research hotspots to produce the
required amount of clean water for daily use [1]. Membrane-based separation processes have
become an alternative to traditional thermal based methods for fresh water production which are
highly dependent on energy input [2, 3]. Reverse osmosis is an established process for desalination.
Other emerging methods include membrane distillation (MD) and nanofiltration (NF) which offer
a reduction in the use of energy [4-7]. Recently forward osmosis (FO) loomed as a rising technique
for desalination due to minimal energy requirement and fouling tendency compared to pressuredriven membrane processes [4, 8-10]. Interest in FO has increased as it can be operated without
high hydraulic pressure and can achieve high water recovery [11, 12]. Consequently a wide variety
of FO application have been investigated including power generation [13], desalination [14-16],
oily wastewater treatment[12, 17], membrane bioreactors[18], food production[18, 19] ,
pharmaceutical concentration[20], and removal of pharmaceutical in waste streams[14, 21]. The
properties of ideal FO membranes, as well as an FO process, have been discussed and published
in previous studies. Some of the critical qualities of typical FO membranes are higher water
permeability with the exceptional solute rejection, lowered internal concentration polarization
(ICP), optimal chemical and mechanical stability [11, 14, 16, 22].
In spite of improved FO performance, thin film composite (TFC) membranes obtained by
trimesoyl chloride (TMC) and m-phenylenediamine (MPD) still suffers from low water
permeability and antifouling characteristics due to the presence of an aromatic network [23].
Among several approaches, incorporation of additives (cetyl trimethyl ammonium bromide,
triethyl benzyl ammonium bromide, trimethylamine, sodium dodecyl sulfate) [24], augmentation
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by nano-materials (carbon nanotubes, graphene oxide, silica, titanium oxide) [25], surface
modification of skin layer and post-treatment of membranes by appropriate solutions (glycerol ,
alcohols, N, N-dimethyl formamide) [26] were employed to induce hydrophilicity on membrane
surface to improve the water permeability.
Polyethyleneimine (PEI), a cationic flexible long-chain polymer, with high hydrophilicity,
large molecular volume, several functional groups, and high charge density; has been successfully
exploited in different areas of membrane technology including ultrafiltration and nanofiltration to
induce hydrophilicity and antifouling characteristics on the active surface of the membrane [27].
However, it has not been exploited much in FO [28]. In the present investigation, such an attractive
and hydrophilic polymer was introduced to skin layer by interfacial polymerization to obtain the
hydrophilic active layer to have significant improvement in FO performance including higher
water permeability and antifouling characteristics.

The bulky spatial arrangement of PEI

molecules is also expected to prevent compact packing resulting a significant enhancement in
fractional free volume, which is opposite in nature compared to the conventional crosslinking. The
effect of the PEI content on TFC membranes was investigated systematically by FO as well as
PRO mode, static and dynamic fouling tests using model foulants. This work demonstrates the
simple, straightforward in-situ alteration of TFC membrane by PEI having the ability to increase
surface hydrophilicity and lower the internal concentration polarization (ICP) and fouling
phenomena.
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2.2 Experimental Section
2.2.1 Material and apparatus
The custom FO apparatus and polysulfone (PSf) were kindly provided by R&D Center for
Membrane Technology, CYCU, (Chung Li, Taiwan) and Membrane Science Inc. (MSI, Hsinchu,
Taiwan). 1-methyl-2-pyrrolidinone (NMP), 1,3,5-benzenetricarbonyl chloride (TMC) and nhexane were purchased from Fisher Scientific (Pittsburgh, PA). Phosphate buffered saline (PBS)
tablets, polyvinylpyrrolidone (PVP, M.W. 1,300,000), polyethylenimine (PEI, M.W. 1,800),
sodium alginate, m-phenylenediamine (MPD), and sodium chloride (NaCl) were purchased from
VWR. Bovine serum albumin (BSA) was purchased by Lee BioSolution (Maryland Heights, MO).
Lysozyme was purchased by Sigma-Aldrich (St. Louis, MO). Deionized water (DI) was obtained
from a Milli-Q ultrapure water purification system (Millipore, Billerica, MA).
2.2.2 Synthesis of TFC FO membranes
The polysulfone (PSf) support was prepared on the glass plate using a non-solvent induced
phase inversion method. The composition of the casting solution was 15/1/2/82 wt%
PSf/PVP/LiCl/NMP. The solution was cast on a glass plate with a 120 μm casting knife. The
resulting membrane was immediately transferred into a water bath and kept there at least 12 h to
remove the residual solvents and additives.
The support was first soaked into 2 wt% aqueous solutions with varying MPD/PEI (M.W.
1,800) content (Table 1) for 2 min to ensure full soaking. Using a rubber roller, the excess aqueous
solution was removed. The supports were then placed into the custom tool and contacted with a
0.1 wt% organic solution of TMC in hexane for 1 min to fabricate an ultrathin PA film. The
resulting membranes were placed in an oven at 70 ˚C for 5 min for curing. Finally, TFC membranes
were washed and stored in DI water. The synthesis of TFC skin layer is shown in Scheme 1.

33

Scheme 1. The preparation of PEI TFC FO membranes.

Table 1. The condition of interfacial polymerization reaction on the PSf substrates.
Membrane
TMC/MPD2
TMC/MPD1.2-PEI0.8
TMC/MPD0.6-PEI1.4
TMC/PEI2

Aqueous solution
MPD (w/v%)
2
1.2
0.6
-

PEI (w/v%)
0.8
1.4
2

Organic solution
TMC (w/v%)
0.1
0.1
0.1
0.1

2.2.3 Characterization
Attenuated total reflectance−Fourier transform infrared spectroscopy (ATR-FTIR,
PerkinElmer, Miracle-Dou, Waltham, MA, USA), SurPASS Electrokinetic Analyzer (Anton Paar,
USA) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific, K-Alpha, MA, USA) were
used to characterize the surface composition of the TFC membranes. Through scanning electron
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microscopy (SEM, Hitachi, S4800, Tokyo, Japan) and atomic force microscope (AFM, Bruker,
CA, USA), morphology and substructure of the TFC membranes were investigated. Water contact
angle measurements with FACE (model PD-VP, Kyoto Japan) were conducted to determine the
surface hydrophilicity.
2.2.4 FO performance and transport properties of TFC membranes
Sodium chloride solution with concentration varying from 1 M to 4 M was used as the
draw while DI water was used as feed at 20 ˚C. Both PRO mode (the active membrane layer facing
the draw solution) and FO mode (the active membrane layer facing the feed solution) were
investigated. The cross-flow velocities were kept at 1 L/min for both the feed and draw sides. The
pressure in the tubing was fixed at 0.3 bar. The reverse salt flux was estimated by the conductivity
of the feed.
The FO water flux (Jw) was obtained by measuring the weight change of the draw solution
according to the Eq. (1).

𝐽𝐽𝑤𝑤 =

∆𝑚𝑚

∆𝑉𝑉
𝜌𝜌
=
(𝐴𝐴𝑚𝑚 ∙ ∆𝑡𝑡) (𝐴𝐴𝑚𝑚 ∙ ∆𝑡𝑡)

(1)

where ΔV and Δm is the volume change and weight change of the draw solution over the operation
time interval Δt, ρ is the density of the feed solution, and Am is the active membrane area. The
reverse solute flux Js was determined based on the change of the salt concentration in the feed by
the Eq. (2).

𝐽𝐽𝑠𝑠 =

∆(𝐶𝐶𝑡𝑡 𝑉𝑉𝑡𝑡 )
(𝐴𝐴𝑚𝑚 ∙ ∆𝑡𝑡)

where Ct and Vt are the salt concentration and the volume of the feed solution, respectively.
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(2)

Membrane transport properties, pure water permeability (A), solute permeability (B), and
solute rejection (R), were measured by dead-end RO apparatus. The membrane was compacted at
3 bar for 1 h to reach a steady water flux. Then, the applied pressure was deceased to 2 bar, and
the water flux was recorded by the balance. The permeability A (LMH/bar) is determined from
(3),

A=

𝑅𝑅𝑅𝑅
𝐽𝐽𝑊𝑊
∆𝑃𝑃

(3)

where the ∆P is the hydraulic pressure employed during the membrane test in RO mode. Salt
rejection R, and salt permeability B(LMH), are determined according to (4) and (5),
𝑅𝑅 = �1 −

𝐵𝐵 =

𝐶𝐶𝑝𝑝
� × 100%
𝐶𝐶𝑓𝑓

1 − 𝑅𝑅
× 𝐴𝐴 × �∆𝑃𝑃 − ∆𝜋𝜋𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 �
𝑅𝑅

(4)

(5)

where Cp and Cf are the salt concentration detected by conductivity meter in feed solution tank
and permeate (Cone 3110, TWT, Germany). ∆πfeed represents the osmotic pressure in the feed
solution (1000 ppm NaCl).
According to the classical ICP model developed by Loeb et al. [29] FO water flux in FO
mode can be calculated from Eq. (6), therefore the structure parameter (S′) can be obtained from
the measured water fluxes in FO mode [6].

𝐽𝐽𝑤𝑤 =

𝐷𝐷
𝐴𝐴 × 𝜋𝜋𝐷𝐷 + 𝐵𝐵
ln
𝑆𝑆 ′ 𝐴𝐴 × 𝜋𝜋𝐹𝐹 + 𝐽𝐽𝑤𝑤 + 𝐵𝐵
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(6)

where D is the solute diffusion coefficient, πD and πF are the osmotic pressures of the draw and
feed solutions, respectively.
For FO the structure parameter (S) is a parameter which gives the resistance to transport through
the FO membrane, and is given by

S=

𝐷𝐷
𝐴𝐴 × 𝜋𝜋𝐷𝐷 + 𝐵𝐵
ln
𝐽𝐽𝑊𝑊 𝐴𝐴 × 𝜋𝜋𝐹𝐹 + 𝐽𝐽𝑤𝑤 + 𝐵𝐵

(7)

where D is the solute diffusion coefficient, A is pure water permeability, B is solute permeability,
πD and πF are the osmotic pressures of the draw and feed solutions, respectively.

2.2.5 Static and dynamic fouling studies
Static protein adsorption of TFC membranes was carried out by using 0.5 mg/mL BSA and
lysozyme dispersed in 10 mM phosphate-buffered saline (PBS) buffer. Before testing, each
membrane sample was immersed in the PBS buffer overnight to reach adsorption equilibrium. The
excess buffer was wiped away, and the membrane was transferred into a protein solution and
placed in a shaker for 20 h at room temperature. Further, the protein concentration in the solution
was determined by a UV–Vis spectrophotometry at 280 nm.
Dynamic fouling tests were carried out to find out the fouling tendency of the control and modified
membranes using sodium alginate (SA) as model foulant [30]. Solution containing 500 mg/L
sodium alginate, 7 mM NaCl and 1 Mm CaCl2 was used to represent the polysaccharides which
are present in wastewater. For the experiments, synthetic wastewater was used as feed, and 2 M
NaCl aqueous solution was used as draw solution. The investigation was carried out for 1 h after
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which the recording of the weight of water was started. To get the baseline, water flux was recorded
for an aqueous solution without any SA.
2.3 Results & Discussion
The design of the top skin layer and the architecture of the support layer play a crucial role in
the design of optimized FO membranes. The top skin layer controls not only the permeability and
selectivity of the entire membrane but also its hydrophilicity plays a crucial role in minimizing
fouling. In this study, PEI polymer was introduced in the process of in-situ interfacial
polymerization reaction (IP) between MPD and TMC monomers during the synthesis of PA skin
layer. The primary purpose of PEI introduction during IP is to increase the hydrophilicity and
higher water flux and forming a thin IP layer without losing the selectivity. During the IP reaction,
the water and hexane solutions are brought in contact with the support. The two monomers start
partitioning between the aqueous and the organic phase forming a thin PA layer. Scheme 1 shows
the complete reaction between the two monomers and the PEI polymer during the formation of the
PA skin layer.
Fig. 1 shows the detailed FTIR spectra for control and modified membranes with different
concentration of monomer and PEI. The characteristic absorption peaks at 1560, 1664 and 1656
cm-1 were extracted and associated with PA skin layer corresponding to the stretching vibrations
of C=O in the amide I bond, aromatic amide ring and N-H bending of amide II groups respectively.
These three characteristics peaks, corresponding oscillations and increase in the area of the peak
with an increase in the amount of PEI indicate the successful formation of top PA skin layer with
incorporated PEI during IP reaction. The peak intensity at 3406 cm-1 corresponds to a hydroxyl
group, and its peak depth increases from TMC/MPD2 to TMC0.1/PEI2. The amine (PEI or MPD)
reacts with the acid chloride moieties of TMC generating the amide linkage is the basic chemistry
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behind the coupling. However, some acid chloride groups of TMC may remain unused in this
amide bond formation depending upon the relative concentration of the precursors and their
reactivity. These terminal acid chloride moieties react with the water molecules during the contact
with water, due to good leavability of chloride anion and ultimately resulting carboxylic groups.
Signature of –OH peak is evidence of the above fact.

Fig 1. FTIR spectra and the characteristics peaks of control and modified membranes with different
amount of PEI
XPS was employed for confirming formation of the PA layer on a support and depicted in
Fig 2 and Table S1. The successful formation of the PA layer over the support was concluded by
the elimination of 39ulphur peak, the principal peak of PSf support. The elemental composition of
control and modified TFC membrane shows the presence of oxygen (O 1s), nitrogen (N 1s) and
carbon (C 1s) on the membrane surface. The oxygen content increased from TMC/MPD2
composition to TMC/MPD1.2PEI0.8, due to the combined effect of TMC and PEI, whereas the
oxygen content showed a declining trend for TMC/PEI2. The reaction rate of PEI is slower than
MPD due to steric effects. This leads to less hydrochloric acid reacting during the interfacial
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polymerization. Further, the unreacted hydrochloric acid is converted into carboxylic acid thus the
oxygen content of interfacial polymerization layer increases. The nitrogen content showed an
increase, mainly due to the rise in the concentration of nitrogen-containing PEI in the PA network.
The Fig. 2A to D shows the curve fitting of the C 1s region which was deconvoluted from
XPS spectra. The three peaks represent the three different component species: Major peak [C-C/CH], Intermediate peak [C-N], minor peak [O-C=O/O=C-N], for binding energy 285, 286.5 and
around 288.9 eV respectively[31]. The peak intensity of the intermediate peak related to C-N
bonding increased from 20% to around 50% for control membrane to TMC/PEI2 modified
membrane as shown in Fig 2E. This is mainly due to the substantial increase in the amount of PEI
for the cross-linking process (increase in number carbon and nitrogen contents). The major peak
related to C-C/C-H changed to a minor peak 70% to 10% decline from control to TMC/PEI2
modified membrane. This may be attributed to decrease in C-H content and increase in N-H
contents on the surface.
A

B

C

D

E

Binding Energy (eV)

Fig 2. High resolution XPS spectra for control and modified membranes (A) TMC/MPD2, (B)
TMC0.1/MPD1.2-PEI0.8, (C) TMC0.1/MPD0.6-PEI1.4 (D) TMC0.1/PEI2 and © Chemical bond
peak area for control and modified membranes with different amount of PEI
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The water permeability (A), salt permeability (B) and salt rejection © are the three essential
membrane performance properties to be studied to access their quality. Table 2 details these
properties for support, control and modified membrane with varying amount of PEI. The water
permeability was increased from 1.03 to 11.57 LMH/bar with the PEI content growing from 0 to
2 wt%. The salt rejection shows a significant decline from 91.7% to 41.4% for the same sets of
conditions. As the PEI content increased, the degree of cross-linking between the monomers
decreased resulting in higher constituent free volume in PA skin layer and a decrease in its
thickness contributing to a significant increase in water permeability. Another reason for the
increase in permeability is due to an increase in hydrophilicity of the membranes. Salt permeability
increases, and rejection decreases due to the reduction of PA layer crosslinking degree (Fig. 5) and
increase in larger fractional free volume allowing the free movement of a salt molecule across the
membrane. The B/A ratio shows an increasing trend as PEI contents increased in the TFC
membranes illustrating a decline in membrane selectivity which is evident in salt rejection.
Moreover, MPD1.2-PEI0.8 shows relative lower structure parameter which was calculated from
Eq. 6 because of the hydrophilicity on the PA layer (Fig S2) and thinner thickness of the PA layer.
Table 2. Intrinsic separation properties of support, control and modified membrane
Sample
Polysulfone
TMC/MPD2
TMC/MPD1.2PEI0.8
TMC/MPD0.6PEI1.4
TMC/PEI2

Water
permeability
(A, LMH/bar)
352.9±30.4
1.03±0.02
1.51±0.02

Salt
permeability
(B, LMH)
0.11±0.03
0.31±0.01

B/A (bar)
0.11±0.03
0.21±0.01

Salt
rejection
(R, %)
91.7±1.7
85.1±3.7

Structure
parameter
(μm)
493.5
334.1

2.21±0.03

0.73±0.05

0.33±0.03

78.0±1.2

556.7

11.57±0.60

19.31±0.88

1.67±0.12

41.4±1.7

419.6
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Fig. 3 shows the surface images of the support, control and modified membranes. The Fig.
3 shows the evolution of exemplary ridge and valley like structure on the surface of modified
membranes whereas this signature structure is absent in the support. The extent of ridge and valley
signature top surface becomes less evident (Fig. 3E) as PEI composition was varied from 0 to 2
wt%. The leaf-like structure gradually disappears, and opaque and polished polymer nodular-like
structure was observed when the PEI composition was varied to 2 wt%. Subsequently, the AFM
results (Fig.4) also show that the surface roughness of modified TFC membrane decreases as PEI
content increased which are consistent with SEM morphology. The Fig.4 indicates that the surface
roughness decreases from 59.7 nm to 15 nm as PEI content increased during IP reaction between
TMC and MPD which is in agreement with SEM morphology.

Fig 3. Surface morphology of PSf support and modified membranes by SEM (A) PSf support (B)
TMC/MPD2 (C) TMC/MPD1.2-PEI0.8 (D) TMC/MPD0.6-PEI1.4 © TMC/PEI2

In the process of interfacial polymerization between two monomers, MPD molecules in the
water-rich phase will migrate towards the hexane rich phase to react with TMC molecules to form
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PA skin layer in the presence of PEI developing ridge and valley type of configuration on the
surface. As the concentration of PEI increases during polymerization, the degree of cross-linking
between MPD and TMC decreases and a smoother surface will be generated. The Marangoni effect
predominates during the IP reaction and facilitates the mass transfer of MPD towards the hexane
rich phase due to the formation of a surface tension gradient between aqueous and organic phase.
The reaction rate and steric effect will limit the PA layer generation which is causes the decrease
in thickness of the top layer and increases the smoothness of the top surface.

Fig 4. Surface topology by AFM for support and modified membranes (A) PSf support (B)
TMC/MPD2 (C) TMC/MPD1.2-PEI0.8 (D) TMC/MPD0.6-PEI1.4 © TMC/PEI2

Fig. 5 shows the cross-sectional morphology of the membranes and the support. The top skin layer
was evident over the support whose thickness was changed from 200 nm to 82 nm with different
composition of PEI skin layer. The PEI layer thickness decreases with the decrease of MPD
concentration and with an increase of PEI concentration.
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A

B

𝜹 = 200±20.1 nm

1 µm
C

𝜹 = 178.33±𝟐𝟐. 𝟕𝟒 nm

1 µm
D

𝜹 = 134.05±𝟐𝟏. 𝟗𝟕 nm

1 µm

1 µm

E

𝜹 = 82.24±𝟏𝟐. 𝟕𝟓 nm

1 µm

Fig 5. Cross-sectional morphology of membranes by SEM (A) PSf support (B) TMC/MPD2 (C)
TMC/MPD1.2-PEI0.8 (D) TMC/MPD0.6-PEI1.4 © TMC/PEI2.

The formation of the PA layer with PEI polymer nodes on the surface with different compositions
changes the surface hydrophilicity and is represented in Fig. S2 (see supplementary data). Using
contact angle measurement with water as media, the contact angle of the support was found to be
around 74˚, that is decreased to 69˚ for control membrane. The contact angle of the membrane
with composition TMC/MPD1.2PEI0.8 was found to be 34˚, which was then increased up to 63˚.
The decrease in hydrophilicity was mainly due to the perfect blend of MPD and PEI providing
more hydrophilic amino groups compared to other composition. The reduction of hydrophilicity
to 34˚ was significant achievement compared to the recent literature of modification of FO
membrane where contact angle was decreased minimum to 50˚. The protonation of amine groups
makes the surface positively charged as can also be seen from zeta potential measurement (Fig 7B)
and this surface charge induces hydrophilicity on membrane surface lowering the water contact
angle values. However, surface roughness can also influence the water contact angle [28].
Smoother surface can lead to an increase in water contact angle. This might be the reason for
enhancement in water contact angle for increasing relative composition of PEI from 0.8 to 2.
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The FO/PRO performance for the control and modified membranes are presented Fig. 6.
The water flux for the membrane with MPD/PEI composition was found to be higher compared to
the control membrane (TMC/MPD2) following the same trend with the intrinsic water
permeability discussed earlier. The membrane with MPD1.2PEI0.8 had a water flux of around 25
LMH compared to that of TMC/PEI2 (approximately 34 LMH) when the 2M NaCl as draw
solution. More hydrophilic environment influences the water permeability, as also the rougher
surface, which provides more effective area of contacts with the feed. Based on these two driving
forces, MPD1.2PEI0.8 should show the higher water permeability (which is not the real case).
However, reduction in skin layer thickness and high surface zeta potential on membrane surface
definitely influence the water permeability. In accordance with these two factors, TMC/PEI2
should show the higher water permeability (which is the real case). The experimental fact hence
demonstrated the combined effects or the predominance of the latter two factors for the present
case. The reverse salt flux for the membrane with composition TMC/PEI2 was very high (50 gMH)
in comparison with the other compositions and control membrane. This is mainly due to the lower
thickness of the top layer due to the substantial fractional free volume produced by the
incorporation of a substantial amount of PEI. This will enhance the flow of NaCl molecule from
the draw solution side to feed side and decreases the membrane selectivity which is coherent with
the tendency of B/A ratio.
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Fig 6. FO behavior with different PEI content on 2M NaCl as draw solution and DI water as feed
solution (A) Water Flux and (B) Reverse salt flux; with TMC/MPD1.2PEI0.8 for different
concentration of draw solution (C) Water Flux and (D) Reverse salt flux

To understand the TMC/MPD1.2PEI0.8 membrane performance for different draw
solution concentration, experiments were carried out with different NaCl concentration varying
from 1 M to 4 M and are shown in Fig.6. The water flux increased from 15 LMH to 35 LMH
whereas the reverse salt flux increased to 8 gMH from 2.5 gMH. The water flux increases with
increase in the concentration of NaCl and is lower for FO mode compared to PRO mode for all
sets of membranes. The increase in water flux was due to the rise in osmotic driving force since
the salt concentration changing in draw solution side. The difference of water flux in FO and PRO
mode could be related to internal polarization effect (ICP).
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Fouling is one of the primary concerns for membrane technologist which is affecting the
overall cost of wastewater treatment and desalination processes. In this study, both static and
dynamic fouling experiments were carried out to understand the effect of fouling of modified TFC
membranes. Static protein adsorption studies for control and modified membrane were carried out
using BSA and lysozyme as model foulants. Fig. 7A shows the equilibrium BSA and lysozyme
concentration after the static adsorption test. Since the zeta potential of the membrane (Fig. 7B)
varied from -12.5 mV to 22 mV, BSA and lysozyme have been selected as model foulant. The
BSA concentration in the feed decreased from the initial concentration (0.5 mg/mL). The
membranes with composition TMC/MPD1.2PEI0.8 showed a lower equilibrium concentration of
lysozyme compared to the membranes with TMC/MPD0.6PEI1.4, while the order is reversed for
BSA.

This implies that the fouling due to BSA is more for TMC/MPD1.2PEI0.8 than

TMC/MPD0.6PEI1.4. This could be easily correlated with the extent of positive surface charge of
these membranes and the negative surface charge on BSA at pH 7, whereas the lysozyme with
positive charge showed the reverse effect as expected from the electrostatic interaction. Hence
both these membranes showed suitable antifouling properties depending upon the applications and
nature of foulants.
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A

B

Fig 7. Static protein adsorption tests (A) Membrane behavior during BSA/Lysozyme protein
adsorption tests (B) Membrane surface zeta potential. The zeta potential was measured at pH 7.
The static fouling test was carried out at pH 7.4, whereas the dynamic fouling test was carried out
at pH 7.2. The pH of these feed solutions was kept similar in order to understand the structureactivity relationship.

The effect of membrane fouling on the performance is further investigated using sodium
alginate. SA is a common organic foulant reported in the literature having the ability to impose
significant fouling in FO process. The calcium ions in the foulant solution will increase the
complexation with carboxylate groups resulting in substantial cake layer formation on membranes.
An artificial feed solution containing 500 mg/L sodium alginate, 7 mM NaCl and 1 mM CaCl2
was used to represent the wastewater. The concentration of NaCl in draw solution was kept at 2M,
and the experiments carried out for 20 h.
Fig. 8 displays the normalized water flux v/s time for the control and modified membrane.
At the end of 20 h, TMC/MPD2 control membrane showed 50% decline in water flux, whereas
the membrane with composition TMC/MPD1.2PEI0.8 showed about 22% decrease in flux. Based
on the overall membrane performance and antifouling characteristics, TMC/MPD1.2PEI0.8
membrane composition has been chosen as optimized composition. The enhanced antifouling
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property was mainly due to the decrease in surface roughness and increase in hydrophilicity
between the modified and control membranes.

Fig 8. Fouling behavior of TMC/MPD2 control membrane and TMC/MPD1.2PEI0.8 TFC
membrane (Feed solution: 7 mM NaCl with and 1 mM CaCl2 for baseline tests, 7 mM NaCl with
and 1 mM CaCl2 500 mg/L sodium alginate for fouling tests. Draw solution is 2 M NaCl
2.4 Conclusion
In this work, the PEI was incroporated into the polyamide layer of TFC FO membrane to
enhance the FO performanec. In particular water transport including and fouling resistance were
investigated. Changes in membner surface properteis were analyzed by surface characterizatio
methods. The TMC/MPD1.2PEI0.8 was found to be an optimal condition improving the
hydrophilicity and permeability of the membrane and minimizing fouling. The permeate flux of
TMC/MPD1.2PEI0.8 was increased by 20% relative to the membrane without PEI while maintain
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similar reverse solute flux in FO and PRO mode compare to the membrane without PEI. Fouling
resistant was determined by static absorption with charged proteins and dynamic fouling with
simulated wastewater. The degree of protein absorption is in good agreement with electrostatic
interactions between the model protein and membrane surface. In this work, the effects of
increasing PEI concentration have been systematically investigated.
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Technology.)
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Abstract
Zwitterion augmented forward osmosis (FO) membranes were fabricated having polyamide active
layer on the polysulfone support to improve the overall performance and antifouling characteristics.
FTIR and XPS were employed in evidencing the incorporation of zwitterion in terms of functional
groups and relative compositions of hetero atoms. AFM, SEM, water contact angle and zeta
potential measurement are used to characterize the zwitterion augmented surface in terms of
surface morphology, surface charge and hydrophilicity/hydrophobicity. Augmentation of
zwitterion was found to enhance the hydrophilicity and surface roughness resulting the
enhancement in the water permeability. The anionic moiety of the zwitterion was exposed outside,
while the cationic moieties of the zwitterion mostly retained towards the core as suggested by
negative zeta potential and protein absorption. Incorporation of zwitterion was found to enhance
the antifouling property of the membrane as evident from static and dynamic test. The relative
composition of zwitterion on active membrane surface was optimized by investigating the tradeoff
between water permeability and reverse salt flux.
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3.1 Introduction
Forward osmosis, the osmotic pressure driven spontaneous transport of solvent molecules
across the semi permeable membrane, has been extensively used in treatment of wastewater,
brackish water; concentration of digested biomass and other bioactive materials from food
byproducts; direct potable use of advanced life support system; hydration bags, osmotic pumping
for drug delivery, power generation, desalination and membrane bioreactors [1–6]. Since forward
osmosis is operated at low or almost no hydraulic pressure; a high rejection of components can be
achieved without significant irreversible fouling [3,7]. The low energy inputs lead to low cost
operation. Furthermore, due to mild operation conditions, the physical properties like color, taste,
aroma, nutrition etc. were found to retain in the products. This is mainly important in food and
biomedical applications. The water flux (Jw) in osmotic membrane distillation can be generalized
as follows
𝐽𝐽𝑤𝑤 = 𝐴𝐴 (𝜎𝜎 𝛥𝛥𝛥𝛥 − 𝛥𝛥𝛥𝛥)

(1)

Where, A is the water permeability constant, Δπ is the osmotic pressure difference across the

membrane, σ is the reflection coefficient and ΔP is the applied pressure. For forward osmosis
process, ΔP is zero and for reverse osmosis process ΔP >Δπ, whereas for pressure retarded osmosis
ΔP < Δπ. Several reports are available in the literature overviewing the principle, applications,
recent development and future prospects on forward osmosis based membrane separation
processes [8,9]. Significant efforts are reported in the literature demonstrating novel FO membrane
materials, different draw solutions and applications in different fields [10–12]. Fabrication of thin
film active layer on the porous polymeric support using interfacial polymerization was found to
provide well controlled architecture for the active FO layer to achieve desired FO performance
[13–16].
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Zwitterions, ions bearing both cationic and anionic moieties, have been widely applied for
the modification of polymeric membrane materials in order to obtain high water permeability
across the membrane as well as in improving anti fouling characteristics of membrane materials
[17–21]. Due to the electrostatic interaction zwitterions form hydration layer without creating
significant perturbation in the hydrogen bonded network of water. This hydration layer acts as a
physical as well as energetic barrier for mainly protein molecules to get adsorbed on the membrane
surface resulting significant improvement in membrane fouling [17,22,23]. The homogeneous
charge distribution, overall charge neutrality, minimized dipole interactions and close packing
density play significant role in achieving higher antifouling properties of zwitterion augmented
polymeric membrane materials especially against protein absorption [24]. Molecular dynamics
simulation studies have been reported in the literature to demonstrate the above fact theoretically
[25,26]. Incorporation of zwitterion was reported to decrease water contact angle for PVDF
membrane making the membrane surface more hydrophilic compared to the base membrane and
consequently enhancing the water permeability across the membrane. Though zwitterion
augmentation was found to improve the membrane performance for reverse osmosis and
nanofiltration application [27,28], to the best of our knowledge, this is the first approach of the
evaluation of zwitterion augmented membrane for forward osmosis application.
Several methodologies are reported in the literature for augmentation of zwitterion into the
polymeric matrix. Though atom transfer radical polymerization provides controlled growth of
zwitterionic polymer chains with desired chain density and chain length; this multi-step process
may lead to undesirable surface modification and contamination with relatively low uniformity of
the zwitterionic layer on the surface of the membrane. Moreover, ATRP may be very useful for
lab scale application, yet far from commercial application [19,29,30]. Continuity and
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reproducibility limit the plasma and UV grafting for their commercial applications [31–33]. On
the contrary, interfacial polymerization provides simple technique, easily adoptable in laboratory
as well as commercial scale, and membrane materials do not expose to harsh chemical environment
[34–37].
In view of this, novel FO membrane has been fabricated with zwitterion augmented
polyamide active layer on polysulfone support by interfacial polymerization in the present
investigation. FTIR and XPS were employed in evidencing the suitable augmentation of zwitterion
onto active layer. The effects of zwitterionic composition on the surface morphology, roughness,
surface charge, extent of hydrophilicity and overall membrane performance have been investigated
systematically. Based on the membrane performance in FO and pressure retarded osmosis (PRO)
mode, the compositions of zwitterion in the active layer and salt concentration in the draw solution
have been optimized. In FO mode, the active layer is facing feed solution and the support layer is
facing draw solution in permeate side, while in PRO mode the porous inert support will face the
feed side as discussed in the manuscript. In FO mode, the diluted draw solution accumulated in
the porous support results in the osmotic pressure differential between feed solution and draw
solution is smaller than ideal situation which is called internal concentration polarization. On the
contrary, the active layer is facing draw solution in PRO mode, so the internal concentration
polarization can be suppressed based on no fouling stuff in the porous support layer. Finally, static
and dynamic fouling test have been conducted to demonstrate the anti-fouling property of the
resulting zwitterions augmented polyamide composite FO membranes.
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3.2 Experimental
3.2.1 Materials
All reagents used for the present investigation were of ACS grade, unless otherwise
specified. Deionized (DI) water used for the present investigation and it was produced by Thermo
Fisher 18 MΩ Barnstead Smart2Pure system (Schwerte, Germany). A custom digital forward
osmosis apparatus and polysulfone (PSf) powder were kindly provided by R&D Center for
Membrane Technology, CYCU, (Chung Li, Taiwan) and Membrane Science Inc. (MSI, Hsinchu,
Taiwan). 1-methyl-2-pyrrolidinone (NMP), 1,3,5-benzenetricarbonyl chloride (TMC)and nhexane were purchased from Fisher Scientific (Pittsburgh, PA). 1,3-Propanesultone (1,3-PS) was
purchased from TCI, America, Portland. Phosphate buffered saline (PBS) tablets,
polyvinylpyrrolidone (PVP, M.W. 1,300,000), sodium alginate, 1-(2-Aminoethyl) piperazine
(AEP), acetonitrile, m-phenylenediamine (MPD), and sodium chloride (NaCl) were procurred
from VWR, Atlanta, GA. Bovine serum albumin (BSA) was purchased from Lee BioSolution
(Maryland Heights, MO). Lysozyme was purchased by Sigma-Aldrich (St. Louis, MO).erimental
Section
3.2.2 Instrumentation
Fourier-transform infrared (FTIR) spectroscopic investigation was carried out using an
instrument IRAffinity-1 instrument. The instrument was associated with a PIKE single-reflection
ATR accessory, Shimadzu (Columbia, MD).
The measurement of water contact angle was carried out on the surface of fabricated
membranes using Future Digital Scientific, model OCA15EC, Garden City, NY. The droplet
volume was taken as 5 μL. The dispensing speed was taken as 0.7 mL s-1. All the membrane
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samples were dried overnight before the contact angle was measured. The circle fitting method
was used for present investigation. 10 replicate measurements were carried out in order to obtain
precise results.
Scanning electron microscopic (SEM) images were analyzed by FEI Nova Nanolab 200
Duo-Beam Workstation (Hilsboro, OR). The membrane samples were coated with 10 nm layer of
gold before exposure to the electron beam. A 15-kV electron beam was used for all the membrane
samples. Atomic force microscopic (AFM) images were captured by Bruker instrument (Santa
Barbara, CA).
The surface charge on the membrane was measured in terms of Zeta potential using an
instrument from Beckman Coulter Delsa NanoHC, Brea, CA. A flat cell was employed for
determination of zeta potential on the membrane surface. Dry membranes were immersed in the
feed solution with predefined pH value for the measurement of zeta potential. NaCl solution was
used for calibration. Triplicate measurements were carried out.
X-ray photoelectron spectroscopic (XPS) analysis of the membrane samples were carried out using
X-ray photoelectron spectrometer from Thermo Scientific, Waltahm, MA using K-Alpha.
3.2.3 Methods
3.2.3.1 Fabrication of active layer of composite FO membranes
The first step deals with the synthesis of zwitterion, while in the second step deals with the
augmentation of zwitterion onto the polyamide forward osmosis (FO) membrane [38]. Naminoethyl piperazine propane sulfonate (AEPPS) was prepared using previously reported method
from the precursors: AEP and 1,3-PS. The reaction was carried out in acetonitrile medium into a
round bottom flux [38]. To a homogeneous solution containing 7.22 g AEP in 65 mL acetonitrile;

61

another solution containing 5.9 g 1,3-PS in 5 mL acetonitrile was added dropwise with stirred
condition at 30 °C. The molar ratio of AEP to 1,3-PS was maintained as 1.1:1. A light yellow crude
product was obtained after 6 hours of reaction and was washed thoroughly by acetonitrile for the
removal of unreacted reagents and side products (if any). Then this resulting zwitterion was dried
at 50 °C under vacuum to obtain constant weight. The overall yield of zwitterion production was
found to be ~ 72 % for the present case.
In the subsequent step, the zwitterion was augmented on the polyamide active layer of
forward osmosis membrane by interfacial polymerization on polysulfone supporting layer. This
polysulfone layer was having a porosity of 85.7 %, water contact angle 75.4 ± 1.67, while the
water permeability was evaluated as 533.18 ± 7.8 LMH/Bar. The polysulfone support was allowed
to dip into an aqueous solution containing diamine monomers, MPD and AEPPS for 2 min. The
concentrations of MPD was kept 2.0 wt.%, while the concentration of AEPPS was varied in the
range of 10 % - 50 % of the MPD. Solution containing 0.15 % of TMC in hexane was used as
organic solution for fabrication of polyamide selective layer over the supporting membrane.
Subsequent heating of the resulting membranes at 60ºC followed by washing with DI water led to
the zwitterion augmented, polyamide active layer forward osmosis membranes. These membranes
were preserved in DI water prior to their use. Fig. 1 schematically represents the augmentation of
zwitterion into the polyamide active layer.
3.2.3.2 Membrane Performance
The separation experiments were carried out in forward osmosis mode (FO) and pressure
retarded osmosis (PRO) mode. In former case, the zwitterionic active site was facing the feed
solution, whereas in later case the zwitterionic active site faced the draw solution. The flux (Jw)was
calculated as follows [9,14]
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𝛥𝛥𝛥𝛥

𝛥𝛥𝛥𝛥
𝜌𝜌
𝐽𝐽𝑤𝑤 =
=
𝐴𝐴𝑚𝑚 𝛥𝛥𝛥𝛥
𝐴𝐴𝑚𝑚 𝛥𝛥𝛥𝛥

(2)

Where, ΔV,Δm, and Δt are the change in volume, mass and time, respectively. Am is the effective
surface area of the membrane. Based on the change in salt concentration, the reverse solute flux
(Js) was determined using eq. 3 [39–41]
𝐽𝐽𝑠𝑠 =

𝛥𝛥(𝐶𝐶𝑡𝑡 𝑉𝑉𝑡𝑡 )
𝐴𝐴𝑚𝑚 𝛥𝛥𝛥𝛥

(3)

Where, Ct and Vt refereed to the concentration of the salt and volume of the feed, respectively.
Based on internal concentration polarization (ICP) model, the structural parameter (S) was related
to measured water flux (Jw) in FO mode as follows [8,38]
𝐽𝐽𝑤𝑤 =

(𝐴𝐴𝜋𝜋𝐷𝐷 + 𝐵𝐵)
𝐷𝐷
𝑙𝑙𝑙𝑙
(𝐴𝐴𝜋𝜋𝐹𝐹 + 𝐽𝐽𝑤𝑤 + 𝐵𝐵)
𝑆𝑆

(4)

Where, π_D and π_F referred to the osmotic pressure of draw solution and feed solution,
respectively, while D referred to the diffusion coefficient for the solute. S parameter should be less
in order to avoid ICP. S parameter is an intrinsic property of the membrane and can be evaluated
from the thickness of the boundary layer (χ), tortuosity (τ) and porosity (φ) of the membrane using
the equation below [42]
𝑆𝑆 =

𝜒𝜒 𝜏𝜏
𝜑𝜑

(5)

For evaluation of the antifouling characteristic of the resulting membranes, normalized
water flux was calculated as follows [8,42]
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
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𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎 𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

(6)

Performance either in FO or in PRO mode were carried out using a membrane of 4 cm
diameter. The experimental arrangement was shown elsewhere. 1000 ppm of NaCl was used as a
draw solution unless otherwise specified. The pressure was applied ~ 2 bar using a cross flow
membrane cell. The conductivity measurement was applied for the evaluation of salt rejection (R)
during the performance testing using equation (7) [43–46].
𝑅𝑅 =

𝐶𝐶𝑓𝑓 − 𝐶𝐶𝑝𝑝
𝑥𝑥 100 %
𝐶𝐶𝑓𝑓

(7)

Where, Cf and Cp are the conductivity of feed and permeate solutions, respectively. The
permeability of the salt (B) was evaluated in terms of the permeate water flux (J) and the rejection
of the salts [47]
𝐵𝐵 =

1 − 𝑅𝑅
𝐴𝐴(∆𝑃𝑃 − ∆𝜋𝜋)
𝑅𝑅

(8)

For static fouling test, circular membrane having 4 cm diameter was allowed to dip into
BSA and lysozyme solutions of concentration 1 mg ml-1 for 14 hours. Then the membranes were
removed, and the solution was analyzed for protein content using UV vis spectroscopy by
monitoring the change in intensity of the absorption peak at 280 nm. The absorption capacity of
the membrane was calculated as follows
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=

(𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
(9)
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

Sodium alginate model was employed for the understanding of dynamic fouling of the
resulting membranes. Prior to the experiment, both sides of the membrane were equilibrated with
DI water for 1 h. After that, the feed solution containing a mixture of 800 mg L-1 of sodium
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alginate, 1 mM of CaCl2 and 7 mM of NaCl was used. 2.5 L of feed as well as 2.5 L of draw
solution (2 M NaCl) were used for more than 10 h. The flux values were monitored as a function
of time.
3.3 Results & Discussion
3.3.1 Synthesis of zwitterion augmented polyamide membranes
The fabrication of zwitterion augmented novel forward osmosis membrane was mainly
carried out in two steps. The first step deals with the formation of suitable zwitterion from AEP
and 1, 3 PS, while the second step deals with the simultaneous fabrication of the polyamide
membrane with zwitterion, AEPPS augmentation. Fig.1 is depicting the scheme for the fabrication
of zwitterion augmented polyamide forward osmosis membrane.
The AEP was having three nucleophilic N based center to react with the electrophilic C of
PS ring (attached to the O). Due to the higher + inductive effect of tertiary amine nucleophilic
center (compared to primary and secondary amine center), the electron density on tertiary amine
N is expected to be much higher than that of others and hence this N attacks the electrophilic C
(attached to O in PS ring) resulting the open up of the PS ring obtaining AEPPS zwitterion. In this
step it also required to mention that the C atom adjacent to O is more electrophilic compared to
that adjacent to S atom due to the higher electronegativity of O atom compared to S atom.
TMC and MPD are the main precursors for the fabrication of the polyamide active layer through
the formation of amide linkage. This is basically a reaction between the acid chloride moiety and
the amine group resulting the amide linkage by the release of hydrochloric acid molecule. The
presence of amine group in AEPPS also got involved in the formation of the amide linkage in
similar manner resulting augmentation of zwitterion in the polyamide membrane.
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The membranes were fabricated using various compositions (0-50 % w/v with respect to MPD) of
ASPPS for systematic investigation the effect of zwitterion on the overall membrane performance
and antifouling characteristics.

Fig.1: The scheme for the fabrication of zwitterion augmented polyamide forward osmosis
membrane
3.3.2 Characterization
3.3.2.1 Fourier Transformed Infrared (FTIR) spectroscopy
FTIR spectroscopy is very commonly employed in determining the functional groups on
the surface of the membrane depending on the stretching/bending frequency of the corresponding
chemical bonds under the influence of IR light. The FTIR spectra of the zwitterion augmented
polyamide membranes were found to have distinct peak at 1735 cm-1[48,49]. This peak
corresponds to the carbonyl bonds from amide linkage. The peak ~ 1550 cm-1 was attributed to the
presence of N-H stretching [50,51]. These two peaks revealed the formation of amide bond. Since
FTIR can only provide the information of the 2 µm depth from the surface of the membrane,
therefore, the quantitative correlation of the spectral intensity and the number of bonds is not
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straight forward. The incorporation of the zwitterion in the membrane can be evidenced by the
presence of the peak ~ 1050 cm-1. This peak was attributed to the –SO3 functional moieties. Fig.
2 is showing the FTIR spectra for the zwitterion augmented membranes having different relative
composition of zwitterions. The FTIR spectrum for AEPPS has also been included. The
characteristic peaks correspond to -SO3, N-H and C=O have been registered and the spectrum was
found to be similar as reported in the literature [38].

Fig. 2: The FTIR spectra of zwitterion augmented forward osmosis membranes having different
zwitterion compositions (a: PSf support; b: TFC-0; c: TFC-10; d TFC-30; e: TFC-50; f: AEPPS)
3.3.2.2 Measurement of water contact angle
Measurement of water contact angle of the fabricated membranes is very important in order
to understand the hydrophilic/hydrophobic characteristic of the membrane surface [43,52–54].
This hydrophilic/hydrophobic nature of the membrane surface plays vital role in the overall
membrane performance including the water permeability, salt rejection and even in the antifouling
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characteristics of the membranes. Fig. 3 is depicting the variation in water contact angle as a
function of the relative compositions of the zwitterion in the membranes. The polyamide active
layer without any augmentation of zwitterion was found to have contact angle 74º. This revealed
that the overall membrane surface is hydrophilic in nature. Increase in the amount of zwitterion
into the active layer of membranes were found to have a gradual reduction in the water contact
angle. For the active layer having the highest zwitterion concentration showed the water contact
angle ~ 50º. This investigation revealed that, augmentation of more amount of zwitterion led to
the formation of more hydrophilic membrane surface.

Fig. 3: The water contact angles for the zwitterion augmented polyamide membranes
3.3.2.3 Zeta potential measurement
The surface charge of the membrane is very essential factor in determining the separation
and fouling characteristic of the membranes (Fig. 4). In view of this zeta potential of the zwitterion
augmented polyamide membranes have been investigated as a function of the aqueous feed pH
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[38]. Below pH ~4, the zeta potential for the membranes was found to be positive revealing
positive surface charge. At lower pH, since there is large availability of H+ ions, therefore, the
negatively charge –SO3- group can be protonated. On the other hand, higher availability of H+ ion
can also lead to the protonation of amine group resulting positive charge. This might be responsible
for the overall positive zeta potential on membrane surface at lower pH. At higher pH the negative
zeta potential revealed the negative surface charge on the membrane. This can be attributed to the
deprotonation and surface accumulation of negatively charged –SO3- group from the zwitterion.
All the membranes showed almost similar characteristic of zeta potential at different pH. Similarly,
negative zeta potential at pH 7 was also reported by others for zwitterion augmented membranes
[27,28,55].

Fig. 4: Determination of zeta potential of the thin film composite membranes having different
relative compositions of zwitterion
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3.3.2.4 Atomic Force Microscopic (AFM) Imaging
The atomic force microscopic technique was used in order to investigate the surface
morphology of theses membranes and the effect of the amount of zwitterion on the surface
roughness. Fig. 5 is showing the 3-dimensional AFM images for the zwitterion augmented
polyamide forward osmosis membranes. The study revealed that, with increase in the relative
composition of zwitterion, the surface roughness was found to increase as also reported for AEPPS
augmented nanofiltration membranes [55]. The enhancement in ridge and valley structure with
increasing relative concentration of AEPPS may result the enhancement in surface roughness [38].
The modification in active site of membrane due to augmentation of zwitterion was attributed
mainly due to the diffusion of amine monomers during interfacial polymerization. The nonuniform evolution of polymer happens inside a narrow incipient film controlled by diffusion of
monomer in solvent till the formation of dense polymer layer [56]. This layer of low permeability
significantly decreased the polymer formation instantly resulting rough surface with significant
void volumes on the surface. Table 1 is summarizing the surface roughness of the zwitterion
augmented polyamide membranes in both the dimension. Surface roughness is very important in
overall membrane performance. The more roughness on the membrane surface provides more
surface area for interaction with the feed stream. This might enhance the overall permeability of
the feed solution. However, at the same time, rougher surface may lead to more fouling, due to
larger surface area of interaction for the foulants.

70

Fig. 5: The AFM images for zwitterion augmented polyamide forward osmosis membranes, (a)
TFC-0; (b) TFC-10; (c) TFC-30; (d) TFC-50.

Table 1: Effect of zwitterion on the surface roughness of polyamide membranes
Membrane

Ra(nm)

Rf(nm)

TFC-0

56.2 ± 0.5

72.6 ± 0.6

TFC-10

60.4 ± 0.4

77.4 ± 0.5

TFC-30

64.5 ± 0.3

82.8 ± 0.6

TFC-50

71.7 ± 0.6

92.2 ± 0.6

Ra: Roughness average; Rf: root mean square of Z values

3.3.2.5 Scanning Electron Microscopic (SEM) Imaging
The effect of zwitterion content on the surface morphology of the membranes were further
investigated by SEM imaging using surface view as well as cross sectional view of the membranes
(Fig. 6). The surface view of the SEM images primarily confirmed the homogeneous distribution
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of the zwitterion on the membrane surface. The cross-sectional view of SEM image revealed that
there is only marginal reduction in the thickness of the active thin film with increase in the amount
of the zwitterion. The surface view of the SEM images typically showed ridge and valley patterns
for all the membranes. This pattern may be attributed to the employment of aromatic amine in
interfacial polymerization [38].

Fig. 6: The SEM images of zwitterion augmented polyamide membranes; TFC-0 (a) surface view;
(b) cross sectional view; TFC-10 (c) surface view; (d) cross sectional view; TFC-30 (e) surface
view; (f) cross sectional view; TFC-50 (g) surface view; (h) cross sectional view
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3.3.2.6 X-ray Photo Electron Spectroscopic (XPS) investigation
XPS investigation was carried out for the determination of relative composition of mainly
hetero atoms on the surface of the membrane materials. Table 2 summarizes the % composition
for C, O, N and S atoms from XPS analysis. The Table primarily revealed the incorporation of
zwitterion as evident from the appearance of S peak in the XPS spectra. The % of S from the XPS
spectra was found to be same as the amount of zwitterion added during the fabrication. This again
confirmed the entire augmentation of zwitterion successfully into the polyamide membranes. The
total % of N in the membranes were found to be ~ 10 – 12 % and they are the signature of amide
and amine moieties present in the membranes. The 14 % existence of O in the polyamide base
membrane was the signature of amide O, while incorporation of zwitterions onto the membrane
was found to enhance the O content by XPS analysis. The enhancement in O content can be
attributed to the contribution from O atoms of –SO3- moieties of zwitterion. The overall C content
of these membranes was found to be in the range 72 – 73 % as obtained by XPS analysis.

Table 2: The XPS analysis of the zwitterion augmented polyamide forward osmosis membranes
Membrane

C%

O%

N%

S%

TFC-0

72.8 ± 0.7

14.9 ± 0.5

12.2 ± 0.5

-

TFC-10

72.8 ± 0.6

16.6 ± 0.7

10.4 ± 0.6

0.11 ± 0.01

TFC-30

72.4 ± 0.5

16.7 ± 0.7

10.7 ± 0.5

0.22 ± 0.02

TFC-50

72.4 ± 0.6

16.9 ± 0.5

10.3 ± 0.7

0.43 ± 0.03
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3.3.3 Membrane Performance
Table 3 summarizes the overall performance of the zwitterion augmented polyamide
forward osmosis membranes. Table 3 is used to evaluate the membrane intrinsic properties in RO
mode in order to calculate the structural parameter, S. A clear trend of enhancement in water
permeability was observed with increase in the zwitterion concentration in the active polyamide
layer. This was attributed to electrostatic interaction of water molecules with the zwitterion. The
enhancement in surface roughness may also provide more effective membrane surface for flux
enhancement [28]. Incorporation of zwitterion resulted the enhancement in the hydrophilicity of
the membranes and consequently led to greater water permeability. The similar trend was also seen
in case of permeability of salt solution. The electrostatic interaction is the basic driving force and
hence the enhancement in the permeability for salt solution was higher than that of water. This
electrostatic interaction between the zwitterion on the membranes and the salt ions in the feed
solution also played important role in the rejection. The membrane without any zwitterion was
found to have maximum rejection of salts, while zwitterion on the active layer of the membrane
resulted favorable attractive electrostatic interaction. Consequently, reduction in salt rejection was
observed. The incorporation of zwitterion into the membrane was found to decrease the overall
structure parameter of the membrane, which again favoured the FO performance by reduction in
internal concentration polarization (ICP). The mitigation of ICP effect was found to be a combined
contribution from reduced structural parameters and increased hydrophilicity in zwitterion
augmented polyamide membranes. Similar observation was also reported by Xiong et al for their
thin film composite membrane [57].
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Table 3: The overall performance of the membranes in RO (reverse osmosis) mode after
augmentation of zwitterion to different extent.

Fig. 7 is showing the effect of zwitterion incorporation on the water flux, reverse salt flux
and specific salt flux for these composite membranes in FO as well as PRO mode. The
improvement in water flux with amount of zwitterion is the artifact of inducing hydrophilicity into
the membrane by zwitterion and also enhanced fractional free volume. The overall flux in PRO
mode was found to be better as the porous support layer is facing the feed solution [40,58]. The
reverse salt flux was found to enhance marginally, with increase in zwitterion composition. This
marginal enhancement can be ascribed to imperfect active layer as well as enhancement in
fractional free volume. The enhancement in reverse salt flux is an indication of loss of selectivity
in membrane performance due to mass transfer of the salt from draw side to the feed side. Not
much enhancement in reverse salt flux revealed the successful performance of the membrane even
after incorporation of ~ 50 % of zwitterion (50 % with respect to MPD, i.e. TFC-50). In PRO
mode since the hydrophilic zwitterionic active layer faced draw solution, the electrostatic
interaction favored the diffusion of salt ions through the membrane and hence resulting
significantly higher reverse salt flux. Specific salt flux was basically an indication of salt transfer
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from draw solution side to feed side during forward osmosis operation per volume of draw solution.
The least specific salt flux indicates the best performance. The specific salt flux in FO as well as
PRO mode was found to be almost comparable. In case of both modes of operation, the specific
salt flux was found to decrease with increase in the zwitterion concentration in active layer. This
reduction was found to appear up to 30 % zwitterionic composition (30 % with respect to MPD,
i.e. TFC-30) and beyond that it again enhanced. Based on this analysis, the membrane having 30 %
augmentation of zwitterion into the active layer of the forward osmosis membrane is the optimum
zwitterionic composition (30 % with respect to MPD, i.e. TFC-30). Therefore, all the experiments
carried out hereafter, employed this optimized composition of zwitterion into the polyamide
forward osmosis membrane.

Fig. 7: The effect of zwitterionic composition on the polyamide FO membrane on (a) water flux,
(b) reverse salt flux and (c) specific salt flux in FO and PRO mode on 1M NaCl.
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Fig. 8 is depicting effect of salt concentration in draw solution on the water flux and reverse
salt flux for 30 % zwitterion augmented polyamide membrane (30 % with respect to MPD, i.e.
TFC-30) in FO and PRO mode. The osmotic pressure is the main driving force for the separation
in forward osmosis. Therefore, higher salt concentration in draw solution led to more osmotic
pressure difference, i.e. more driving force for the separation. Consequently, there was an
enhancement in the water flux. For the similar reason discussed earlier, the flux for PRO mode
was found to be higher compared to the FO mode. The higher salt concentration in draw solution
was also found to enhance the diffusion of the salt ions from draw side to the feed side leading to
enhancement in reverse salt flux. In PRO mode, the additional electrostatic interaction between
zwitterion and salt ion favored the salt diffusion towards feed side and hence increasing reverse
salt flux.
Basically, the optimized salt concentration in draw solution is one of the major parameters
should be taken care of. High salt concentration means high osmotic pressure, which is the driving
force for this operation. On the hand, high salt concentration also leads to loss of the selectivity of
the operation due to mass transfer of the salt from draw solution to the feed side. The above
investigation clearly demonstrated that 2 M NaCl was the optimized salt concentration in the draw
solution to achieve optimized flux as well as reverse salt flux.
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Fig. 8: Variation in (a) reverse salt flux and (b) water flux for TFC-30 as a function of NaCl
concentration in draw solution in FO and PRO mode
3.3.4 Antifouling Characteristic of the membranes
Fouling is one of the major challenges face by the membrane technologists. Depending
upon the nature of feed, nature of membrane substance, and membrane properties; membrane
fouling may occur in reversible or irreversible way and to different extent. The membrane fouling
not only leads to reduction in permeability due to modification of pore size, deposition of salts,
scale formation etc; but also affect the overall selectivity of the membrane. Therefore, it is essential
to evaluate the newly developed membrane with respect to their antifouling characteristic.
3.3.4.1 Static mode of fouling test: Protein Absorption
The main purpose of the incorporation of zwitterion into the polyamide active layer was to
achieve improvement in the performance of the membrane especially in terms of its fouling
characteristics. In this present investigation, the fabricated membranes were allowed to equilibrate
in presence of 1 mg/mL of BSA and Lysozyme solution at pH 7[57]. The amount of protein
adsorbed on the membrane surface can be correlated to the extent of fouling. At pH 7, the BSA
molecules were reported to have negative surface charge, while that for lysozyme is positive. The
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absorption capacity for BSA was found to be lower compared to the lysozyme for all the
membranes. This can be attributed to the electrostatic interaction between the foulants and the
surface of the membrane. At pH- 7, the surface of the membrane was having negative zeta potential
resulting repulsive interaction between membrane and negatively charge BSA, while with
lysozyme attractive electrostatic interaction predominates. Hence, the adsorption capacity for
lysozyme is better than that of BSA. This result are in good agreement with the reported literature
[27]. The enhancement in the composition of zwitterion into the membrane led to a significant
reduction in the sorption capacity of the proteins. This investigation clearly indicated the
improvement in the antifouling characteristic of the polyamide-based FO membrane by
augmentation of zwitterion. Fig. 9 is depicting the sorption capacity of the membranes for BSA
and lysozyme.

Fig. 9: The adsorption capacity of BSA and lysozyme using zwitterion augmented polyamide
forward osmosis membranes
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3.3.4.2 Dynamic mode of fouling test: FO operation in presence of potential foulants
Though the protein absorption on the surface of the membranes indicates regarding the
antifouling nature of the membrane materials, it is essential to investigate the antifouling activity
of the membranes in forward osmosis condition in presence of a simulated feed solution containing
potential foulants. In present case, the simulated feed solution contained a mixture of 1 mM CaCl2
and 7 mM of NaCl. To make the simulated feed more prone to fouling; 800 mg L-1 of sodium
alginate was used[57]. Due to the presence of multiple carboxylic acid, hydroxyl and ether groups,
sodium alginate is reported to interact with the membrane materials through polar interaction
resulting membrane fouling. The six membered rings and the side chain of sodium alginate is also
useful for non-polar interaction with membrane surface. Fig. 10 is showing the flux of such
simulated feed solution in presence and absence of (indicated as base line) sodium alginate as a
function of time of operation of forward osmosis. In absence of sodium alginate, the membranes
with and without zwitterions showed almost no significant change in flux with the time, while
presence of sodium alginate in the feed solution resulted reduction in flux with time of operation.
It can be attributed to the fouling effect of sodium alginate as described earlier. For the base
membrane having polyamide active layer (without zwitterion), the reduction in flux with time of
operation was found to be drastic, while for zwitterion augmented polyamide membrane the
reduction in water flux with time of operation was only marginal. This investigation clearly
demonstrated that, the augmentation of zwitterion into polyamide active layer of FO membrane
induced antifouling characteristic.
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Fig. 10: The antifouling characteristic of zwitterion augmented polyamide membranes during
forward osmosis in presence and absence of (indicated as base line) sodium alginate in feed
solution
3.4 Conclusion
Zwitterion augmented novel polyamide forward osmosis membranes were fabricated to
achieve better membrane performance and improvement in the anti-fouling characteristic of the
membranes. The suitable augmentation of zwitterion into the polyamide active layer was
evidenced from the appearance of a peak due to –SO3- group in FTIR spectroscopy. The XPS also
showed the successful incorporation of zwitterion into the active layer of FO membranes. The
incorporation of zwitterion was found to enhance the hydrophilicity of the membranes as evident
from water contact angle and subsequently enhanced the water permeability. The AFM and SEM
images revealed the homogeneous distribution of the zwitterion on the active surface of the
membrane and surface roughness was found to increase with increase in the amount of zwitterion
on the active layer. The zeta potential analysis revealed that the surface charge of the membrane
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was negative over almost entire range of feed pH. This indicated that probably the negatively
charge –SO3- moieties from zwitterionic structure were exposed outwards, while the positive
moieties from zwitterion were embedded inside the membrane. The overall salt rejection and the
structural parameters were found to decrease with increase in the zwitterionic composition onto
the active layer. Though incorporation of zwitterion enhanced the water flux, the reverse salt flux
was also found to increase, while minimum specific salt flux was found for membrane having 30 %
zwitterionic composition. The PRO mode showed higher flux as well as lesser selectivity (higher
reverse salt flux) compared to FO mode. Though higher salt concentration was found to increase
the permeability, yet it loose the selectivity of the FO operation by increasing reverse salt flux.
Therefore, the salt concentration at draw solution was optimized as 2 M NaCl. The membranes
were also subjected to anti fouling tests in static as well as dynamic mode. The augmentation of
zwitterion not only lead to reduction in protein absorption in static mode, the dynamic mode also
revealed a significant improvement in flux over duration of operation in presence of potential
foulant sodium alginate. Overall improvement in the antifouling property of the membrane was
reported by incorporation of zwitterion on to the active layer of these novel polyamide-based FO
membranes.
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Abstract
In this work, superfast surface modification of forward osmosis (FO) membranes was
accomplished using zwitterionic species with improved antibacterial and antifouling properties.
Asymmetric thin film composite (TFC) FO membranes were fabricated using superfast second
interfacial polymerization (SIP). The active sides of the TFC membranes were modified with
zwitterionic polyamide moieties. Subsequently, the effects of surface modification on the surface
properties, morphologies, and surface charges of the TFC membranes were investigated. The TFC
membranes exhibited drastically improved performance in FO processes with model and real
produced water samples. The zwitterion-augmentation significantly enhanced surface
hydrophilicity and shielded negative surface charge distribution on the membrane surface.
Furthermore, static protein absorption and dynamic protein fouling tests with model foulant
sodium alginate (SA) revealed that the antifouling characteristics of the asymmetric TFC
membranes had improved remarkably. SIP with zwitterion incorporation reduced protein
absorption and promoted consistent flux during permeation with the model foulant solution. The
antimicrobial characteristic of these FO membranes is also demonstrated with bacterial attachment
on membrane surface using Escherichia Coli. Overall, the zwitterion-augmented surface
modification of these FO membranes resulted in enhanced permeability and reduction in surface
structure parameter leading to improved antifouling properties with respect to organic proteins and
gram-positive bacteria.
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4.1 Introduction
Pretreatment of produced water comprised of complex organic molecules and surfactants
has been a major challenge to tackle the surface and ground water pollution. Membrane-based
separation is an energy-efficient, clean, environmentally benign, and easily commercially
adaptable desalination or wastewater treatment technology that could help meet the increasing
global demand for potable water [1-7]. The use of osmosis and distillation in desalination or
wastewater treatment has been extensively studied [8]. However, the application of forward
osmosis (FO) has been limited by membrane fouling and the task-specificity of FO membranes;
thus, the fabrication of novel antifouling FO membranes with high efficiency warrants further
investigation [9, 10]. Although thin-film composite (TFC) asymmetric membranes demonstrate
excellent performance when used as FO membranes [11, 12], serious issues arise due to internal
concentration polarization (ICP), which requires resolution [13, 14]. Aromatic polyamide (PA)
membranes are among the most common materials utilized in FO [15]. Nevertheless, these
membranes suffer from extensive fouling during FO separation processes due to inherent structural
and physicochemical properties. The extensive fouling is attributed to the rough surfaces of PA
membranes which increase the surface areas available for foulant interaction. Several antifouling
materials have been used to decorate the osmotic membrane for enhancing the antifouling property,
such as MoS2 [16], graphene oxide [7, 17], TiO2 [18], silver nanoparticle [11, 19], hydrophilic
polymer and monomer [20-24]. However, most of additives were modified by conventional in situ
modification method which could change the structure of selective layer. Further, deprotonated –
COOH acid groups on the surfaces of the membranes undergo electrostatic interactions with the
metal ions present in feed solutions. Excessively large hydrophobic membrane surfaces induce
hydrophobic interactions between membrane surfaces and nonpolar organic foulants in feed
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streams [25]. Moreover, most of these membranes are inadequate to treat complex produced water
samples consisted of complex organic molecules, charged surfactants, etc. as foulant. Hence,
significant efforts must be made towards development of a cost-efficient sustainable PA-based FO
membranes to address these problems for commercial applications.
Zwitterionic monomers possess widely spread charge distribution in the form of constituent
cationic and anionic moieties and thus provide free water hydration layers, enhanced water
permeability [26], and drastically reduced fouling propensity [27-30]. Repulsive electrostatic
interactions reduce the adsorption of positively or negatively charged foulants on membranes [3134]. Our previous studies have demonstrated that zwitterion-augmented polysulfone (PSf) FO
membranes fabricated through interfacial polymerization resulted in drastically improved water
permeability and antifouling characteristics [20]. However, the anionic moieties of the zwitterions
were exposed during interfacial polymerization which resulted led to structural changes in the
selective layer. Ma et al. fabricated fouling-resistant reverse osmosis (RO) membranes introducing
zwitterionic amine monomers on PSf supports which exhibited high water flux [35]. Moreover,
the functionalization of membrane surface with these zwitterions also resulted in improved
antimicrobial characteristics which are crucial for addressing biofouling and biofilm formation [31,
36-38]. Zwitterion-augmented nanofiltration membranes also exhibited improved membrane
permeability without compromised salt rejection. Hence, zwitterion augmentation was selected to
improve the antifouling properties of the membranes with enhanced FO performance.
Although the reported literature studies have shown that the introduction of zwitterionic
moiety leads to excellent antifouling and antimicrobial properties, the modification time and
maintaining intrinsic selectivity are important factor to be considered for commercialization. In
previous FO membrane studies, the zwitterionic fragments were coated on the membrane via
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dopamine self-polymerization [39-41], but the self-polymerization reaction time required longer
time scales of at least 1 h to 24 h. Atom transfer radical polymerization (ATRP) is also used to
graft the zwitterionic brush on the polyamide layer, and the required reaction time is about 3 h
after introduction of the initiator [19]. The second interfacial polymerization (SIP) provide a fast
modification method within a couple minutes maintaining the structure of selective layer, which
makes this process an important candidate for commercialization with significant cost
minimization.
In this investigation, zwitterionic moieties were introduced during fabrication of
asymmetric TFC FO membranes using SIP method. The fabrication of TFC FO membranes
through conventional in situ chemical modification instead of SIP may result in the undesired
modification of membrane surfaces in the intermediate state by subjecting the membranes to
various chemicals. SIP incorporating polymers can decrease membrane permeability by increasing
the overall membrane barrier thickness. Therefore, N-aminoethyl piperazine propane sulfonate
(AEPPS), a zwitterionic monomer, was incorporated during the SIP of asymmetric TFC
membranes. Modifications in surface properties was confirmed using detailed characterization
methods. Further, improvements in FO performance due to zwitterionic incorporation were
investigated using model as well as real produced water samples. The membranes were subjected
to static and dynamic antifouling tests. The adsorption properties of proteins with negative and
positive surface charges were studied in static mode. Fouling attributed to metal ions with different
charges and organic molecules with different functional groups, such as SA, was also investigated
in detail.
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4.2 Experimental Section
4.2.1 Materials
All the reagents used in this investigation was of ACS Reagent grade unless otherwise
specified. Powdered Polysulfone (PSf) was provided by the R&D Center for Membrane
Technology, CYCU (Chung Li, Taiwan). 1,3-Propanesultone (1,3-PS) was purchased from TCI
(Portland, USA). 1,3,5-benzenetricarbonyl chloride (TMC), 1-Methyl-2-pyrrolidinone (NMP),
and n-hexane were supplied by Fisher Scientific (Pittsburgh, PA). Phosphate-buffered saline (PBS)
tablets, polyethylene glycol (PEG 200), SA, 1-(2-Aminoethyl) piperazine (AEP), acetonitrile, and
m-phenylenediamine (MPD) were purchased from VWR (Atlanta, GA). Bovine serum albumin
(BSA) was supplied by Lee BioSolution (Maryland Heights, MO). All inorganic salts (CaCl2,
NaCl, KH2PO4, MgSO4, NaHCO3, and NH4Cl) and Lysozyme (LYZ) were procured from
Sigma-Aldrich (St. Louis, MO). Sulfobetaine methacrylate (SBMA) used in this work was
synthesized in the laboratory following literature reported procedure [42].
4.2.2 Fabrication of the TFC FO membranes
The zwitterionic species AEPPS was synthesized from AEP and 1,3-PS in acetonitrile
medium in accordance with a previously reported method [20, 43]. The solution of 1,3-PS solution
was added dropwise into the AEP solution at a 1:1.1 molar ratio at 60 °C and under continuous
stirring. After 6 h of stirring, the yellow solid zwitterionic AEPPS was obtained and subsequently
washed with acetonitrile to remove unreacted precursors and side products. The resulting product
was heated and dried at 30 °C using a vacuum oven.
The casting solution was prepared based on PSf content using 14 wt.% PSf/NMP + 50 wt.%
PEG 200. A homogeneous solution was obtained by stirring the mixture for 12 h at 60 °C followed
by cooling to room temperature without stirring to avoid the introduction of any air bubbles. The
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membrane support was fabricated following a generic non-solvent induced phase separation
process (NIPS). The precursor solution was spread on a clean glass plate (30 cm × 25 cm) using a
120 µm casting knife. The glass plate was promptly transferred into a coagulation bath of DI water
maintained at 20 °C. Residual solvents were removed by frequently replacing the DI water in the
bath. Finally, the fabricated PSf support was stored in a water bath in the dark until use.
The TFC FO membranes were fabricated through interfacial polymerization. The support
membrane was cut into the appropriate dimensions and fixed on top of a clean glass plate. The
custom PTFE frame was fixed on a glass plate by using four clips. Next, aqueous solution of 3
wt.% MPD was poured into the frame and was left for 2 min on top of the membrane for surface
deposition. A rubber roller was used to get rid of the excess aqueous solution from the surface of
the membrane. The frame was clipped again, and the MPD-rich membrane was allowed to come
in contact with 0.15 wt.% TMC/hexane organic phase solution. After 1 min of reaction, the organic
solution was drained from the frame. The support membrane was then subjected to interfacial
polymerization. The resultant TFC membrane was annealed at 90 °C in a water bath for 2 min and
subsequently, the fabricated PA membrane was stored in DI water for further investigation. In case
of fabrication of PAZ, the surface modification process was like the PA membranes prior to the
annealing step. SIP was performed thereafter by pouring 1 wt.% AEPPS aqueous solution on top
of the membrane surface to react with the surface -COOCl group. The reaction between the AEPPS
solution and membrane was allowed to proceed for 1 min to induce the formation of a zwitterionic
layer on the active sides of the TFC membranes. Subsequently, the unreacted AEPPS solution was
decanted, and the membrane was annealed in a water bath for 2 min at 90 °C. The control and
modified membranes were designated as PA and PAZ, respectively. The chemical structure of the
resulting membrane is shown in Figure 1.

94

- +- - +- - +- - +- +
+ +
+
+
Polyamide

Polysulfone support
Figure 1: Chemical structure of the resultant membrane after double interfacial polymerization
4.2.3 Characterization of the TFC FO membranes
All membranes were washed with DI water and dried in a vacuum chamber prior to
characterization. The surface functionality of the membranes was analyzed through attenuated
total reflectance–Fourier transform infrared spectroscopy (ATR–FTIR, Perkin Elmer Spectrum
100 FT–IR Spectrometer, Waltham, MA, USA). X-ray photoelectron spectrometry (XPS, Thermo
Fisher Scientific Inc., Waltham, MA, USA) was conducted to characterize the chemical
composition of the membranes. The water contact angle measurement instrument (model
OCA15EC) used in this study was procured from Future Digital Scientific, Garden City, NY, USA.
The atomic force microscope (AFM) utilized in this work was purchased from Bruker, CA, USA.
The scanning electron microscope (SEM, FESEM S-4800) applied in this investigation was
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obtained from Hitachi Co., Tokyo, Japan. The zeta potential apparatus (SurPASS Electrokinetic
Analyzer) was procured from Anton Paar, Ashland, VA, USA. These sets of equipment were used
to characterize the surface charges, hydrophilicity, and morphology of the membranes. The
bacterial attachment on the membrane surface was monitored using confocal microscopy (LSCM
A1R), purchased from Nikon, Tokyo, Japan.
4.2.4 Performance of the TFC FO membranes
The water flux and reverse solute flux performances of the membranes were investigated
in a cross-flow cell at room temperature (20 °C) by using a custom laboratory-scale apparatus. The
active area of the membrane used for the present investigation was 20 cm2. The co-current flow
rate was fixed and controlled on both sides of the membrane by using a precise gear pump with a
flow rate of 1 L/min. A digital balance was used to measure flux on the basis of the permeated
weight with an interval of 10 min. A conductivity meter was applied to measure reverse solute flux
by monitoring the change in the conductivity of the feed side with an interval of 10 min. NaCl
solutions with different concentrations were used as the draw solutions. A steady state was ensured
prior to the collection of experimental data after 1 h of continuous operation. Two liters of draw
solution were used during the study to prevent draw solution dilution, which would affect the test.
The related detailed measurement method and calculation theory are described in Equations 1 and
2 (SI 1).
Intrinsic membrane properties, including pure water permeability A, solute permeability B,
and solute rejection R, were evaluated using the custom-made laboratory-scale cross flow RO
apparatus. The detailed description of the apparatus has been provided elsewhere [32]. The
membranes were pre-compacted at 100 psi for 3 h to obtain a steady water flux. Furthermore,
hydraulic pressure was reduced to 90 psi, and the flow rate was fixed at 0.6 LPM. Operation was
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carried out for at least 1 h prior to the collection of data from a digital balance. The structural
parameter S were evaluated using a previously reported methodology described in SI 2 Equation
7 [33].
4.2.5 Bacterial attachment
The bacteria, Escherichia coli- Green fluorescent protein (E. Coli GFP), was purchased
from American Type Culture Collection (ATCC) and used to evaluate the antimicrobial behavior
of TFC FO membrane. A medium was composed of 3.0 mg/mL beef extract and 5.0 mg/mL
peptone was employed to culture the E. Coli GFP. The culture medium was then incubated at 37 °C
and was shaken at 100 rpm for 12 h until it reached a stationary state at a final bacteria
concentration of 106 cells/mL. The membrane sample was washed with water and PBS buffer
three times, respectively, and placed into the microplate. Further, the bacterial broth was added
into the microplate for 5 hr. After the adhesion test, the membrane was removed and rinsed with
PBS buffer three times to remove the loosely adhering biofouling. After that, the membrane sample
was positioned on the sample stage of a confocal microscope with the excitation and emission
wavelength 488 and 520 nm, respectively.
4.2.6 Fouling properties of the TFC FO membranes
Static protein adsorption and dynamic fouling tests were conducted to understand the
antifouling characteristics of the membranes. In the static adsorption test, the membrane was
exposed to the positively charged protein LYZ and the negatively charged protein BSA in PBS
buffer solution at pH 7.4. Zwitterionic material can reduce fouling by positively or negatively
charged foulants [34]. The PBS buffer solution was prepared by dissolving a PBS tablet in an
appropriate volume of DI water. Next, 1 mg/mL BSA or LYZ protein was added to the PBS buffer.
The membrane was cut into circular pieces with diameters of 2.54 cm. Prior to immersion, the
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membranes were equilibrated through several rounds of rinsing with PBS buffer. The protein
adsorption test was conducted for 24 h on a shaker at room temperature and 60 rpm. The protein
content of the resultant solution was analyzed through UV–Vis spectroscopy by monitoring the
change in the intensity of the absorption peak at 280 nm. The absorption capacity of the membrane
is described in SI 3.
Dynamic fouling is another method used to determine the antifouling properties of the
membrane which simulate the secondary wastewater effluents in CA [47]. The solution of SA was
used as a model foulant for dynamic fouling test. SA solution (1 wt.%) was stirred at 70 °C until
a homogeneous mixture was obtained. The membrane was operated for 1 h with DI water on the
feed side and 1 M NaCl solution on draw solution side, and the co-current cross flow rate for both
sides was adjusted to 18.5 cm/s. Then, inorganic salts (0.5 mM CaCl2, 9.2 mM NaCl, 0.45 mM
KH2PO4, 0.61 mM MgSO4, 0.5 mM NaHCO3, and 0.93 mM NH4Cl) were added to the 1 L feed
tank, and the 2 L NaCl draw solution was adjusted to reach the initial flux of ~19.5 LMH. Next,
SA concentration was adjusted to 250 ppm through the addition of 1 wt.% SA solution. Data were
recorded by using a balance with 10 min intervals until 500 mL of permeate had accumulated. The
membrane was cleaned by replacing the feed solution with 15 mM NaCl [47]. Water flux through
the clean membrane was measured by using the same process as that used to measure water flux
before the addition of the SA foulant. The calculation of initial flux is described in Equation (8)
(SI. 3).
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4.3 Results & Discussion
4.3.1 Physicochemical properties of the TFC FO membranes
Several techniques were used to characterize the surface properties of the zwitterionic TFC
membranes in detail. The surface hydrophilicity of the TFC membranes was quantified through
the water contact angle test with a sessile DI water droplet, as shown in Figure 2a [48-50].
Wettability images were recorded after 1 min of water droplet residence on the membrane. The
water contact angle test is a common and simple method for the identification of hydrophilicity
and provides vital evidence for water permeability and antifouling phenomena. The PA layer has
an average contact angle of ~80° within 1 min of water droplet residence time. The hydrophobic
aromatic ring is responsible for the high contact angle of the PA layer. Air bubble entrapment
between the water droplet and typical PA surface increased the water contact angle of the PA layer
as previously reported by Elimelech et al. [15, 51] The reaction of PAZ with hydrophilic
zwitterionic moieties drastically decreased the water contact angle within 1 min to ~15°. This result
demonstrates that a tightly bound hydrophilic water layer had formed on the PAZ surface. The
zwitterionic moiety showed excellent oil/water separation performance because of the adequate
hydrophilicity as reported in our earlier work [34], and sulfonic group-modified surfaces lead to
formation of a strong hydration layer which enhances the antifouling properties [52]. In general,
the introduction of superoleophobicity is characterized by the underwater oil contact angle of
higher than 150°. The modified PAZ membrane showed significant increase in the underwater oil
contact angle from ~110° to ~160° (Figure 2b). Hence, it is evident from the contact angle
measurement studies that the surface modification of the TFC FO membrane resulted in
introduction of significant extent of superhydrophilicity and superoleophobicity.
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Figure 2. Dynamic water contact angle (a) and underwater oil contact angle (b) of PA and PAZ.

The surface and cross-sectional SEM images of the membranes are shown in Figure 3A-C
and SI Figure 2, respectively. The thicknesses of the two layers were negligibly different. The
cross-sectional view reveals the presence of a thin (297 ± 28 nm) PA layer on the support material
overlaid by a marginally thicker (328 ± 34 nm) PAZ layer that resulted from the introduction of
AEPPS into SIP. The surface view of the PA layer revealed that the nodule formation on PAZ had
been mitigated. The surface roughness average (Ra) and root mean square roughness (Rq) of the
layers was calculated and shown in Figure 3d. The incorporation of the PA layer on the PSf support
increased the root mean square and average roughness of the layers by almost 7–8-fold and
increased the maximum roughness of the layers by 5–6-fold. The aromatic nature of the PA layer
may be responsible for the increase in surface roughness. However, moderate reductions in
roughness were observed after SIP. These observations are consistent with the observations
gleaned from the AFM images presented in Figure 3a-c.
ATR–FTIR was used to characterize the surface functionality of the modified membranes
on the basis of the stretching/bending frequencies of the corresponding functional groups under
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excitation by IR light. Three new peaks representing amide 1 (C=O), amide 2 (NH), and amine
(N–H) appeared in the spectra of PA and PAZ at 1,680, 1,543, and 1,620 cm−1, respectively [43,
53, 54]. Amide 1 corresponds to amide carbonyl, whereas amide 2 corresponds to amide N–H
bonds. These peaks were ascribed to the PA layer, and their presence indicates that interfacial
polymerization was successfully accomplished on the PSf support membrane. The peak at 1,040
cm−1 on PAZ corresponds to the sulfonate group (O=S=O) of the zwitterionic AEPPS monomer
as previously reported and confirms that SIP was accomplished on the surface of the membrane
[34]. Figure 3e shows the FTIR spectra of the PSF support and other TFC membranes after first
and second rounds of interfacial polymerization. The elemental compositions of the membranes
were investigated through XPS analysis (SI Table 1). Elemental S in the support membrane was
contributed by the PSf polymer, and the elemental N in PA and PAZ was attributed to the PA layer.
S was not detected in PA because of the uniform deposition of the PA layer on the support [33].
This finding confirms that the support membrane had been successfully modified with a PA layer.
Moreover, S contributed by the AEPPS monomer was detected in PAZ after SIP. FTIR and XPS
results indicate that the PA membrane had formed on the support membrane and the AEPPS
monomer was successfully grafted on the PA layer.
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Figure 3. SEM images of support (A), PA (B), and PAZ (C); 3D AFM images of support (a), PA
(b), and PAZ (c); Roughness on Particle size distribution in support, PA, and PAZ (d); ATR-FTIR
spectra of support, PA, and PAZ (e); zeta potential measurement data of PA and PAZ.
The surface zeta potentials of PA and PAZ were investigated over a pH range of 3–10 as
shown in Figure 3f. At low pH values, the carboxylic acid groups of PA and PAZ were neutralized
in presence of numerous H+ ions and the protonation of amine groups. Consequently, the overall
surface charges of PA and PAZ became positive. In contrast, the zeta potential of PA and PAZ
became negative at high pH values because of the deprotonation of –COOH groups and the
formation of the anionic conjugated base –COO− in the presence of numerous OH− ions. The
increase in the negative charges on PA may be attributed to the –COOH groups on the PA layer.
The presence of the quaternary amine moieties of AEPPS increased the neutral charge and
isoelectric point of PAZ. Therefore, the surface charge on PAZ membrane is significantly lower
than that of PA membranes
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4.3.2 Performance of the TFC FO membrane
The FO performances of PA and PAZ in FO are shown in Figure 4a-b. The concentration
of the NaCl draw solution was adjusted to 1 or 2 M, and DI water was used as the feed solution.
The water flux of PAZ increased by 65 % (from 11.48 ± 1.7 LMH to 18.91 ± 1.46 LMH) and 47
% (from 17.77 ± 0.86 LMH to 26.17 ± 1.03 LMH) when draw solutions of 1 and 2 M NaCl were
used, respectively. Zwitterion incorporation enhanced the water permeability of PAZ. The
occurrence of severe ICP with the use of 2 M draw solution mitigated the extent of enhancement
in the water permeability of PAZ [13]. ICP must be resolved by optimizing the design of the
support membrane. Increasing the salt concentration of the draw solution enhanced the reverse
solute flux. In both draw solution concentrations, the reverse solute flux of PAZ was slightly higher
than that of PA. Nevertheless, the reverse solute fluxes of the two membranes were similar. In
addition, to optimize the appropriate condition for grafting, the effect of various zwitterionic
monomer concentrations (0-4 wt.%) have been investigated and shown in SI Figure 1. As the
monomer concentration increased the water flux also increased. However, beyond the monomer
concentration of 1 wt.%, no significant alteration in water flux was observed. Thus, a monomer
concentration of 1 wt.% was chosen as the optimum parameter for further experimentations. Also,
the PA and PAZ have similar specific flux (g/L) which means the cost of draw solution loss will
not be increased after grafting the AEPPS on the surface instead of maintaining similar operation
cost.
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Figure 4. Membrane performance of PA and PAZ in draw solutions with different salt
concentrations: (a) water flux; (b) reverse solute flux on FO mode; (c) intrinsic membrane
properties.
The A, B, and R of the membranes were quantified in RO mode. The results are presented
in Figure 4c PAZ had higher A (1.41 ±0.07 LMH/bar) than PA (1.01 ±0.08 LMH/bar), and its B
increased from 0.10 ±0.004 LMH to 0.24 ±0.022 LMH. The enhanced A of PAZ could be
attributed to the increase in hydrophilicity contributed by the super hydrophilic zwitterionic
moieties in AEPPS, which has a solubility close to that of water [55]. However, several studies
have reported that A decreases after SIP [15, 30] because the hydrophilic polymer may increase
steric hindrance on the membrane surface and enhance water molecular resistance across the
membrane [26]. Nevertheless, the R of PAZ remained constant (~97%) even as its A increased.
These phenomena demonstrate that SIP will not introduce defects to the original PA layer. As
shown in Equation (6) (SI. 2), the B of PAZ increased because B is related to R and A. S is a
crucial index that describes ICP in FO [45]. The S value of PAZ was considerably lower than that
of PA (SPA = 0.99 ± 0.03 nm SPAZ = 0.56 ±0.01 mm) because the hydrophilic zwitterionic
moieties of AEPPS increased the FO water flux.
4.3.3 Bacterial attachment test
The antibacterial properties of membrane surface were evaluated using E. Coli as a model
biofoulant to challenge the active surface of TFC membrane in accordance with the previous
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literature [37, 42, 56]. Confocal microscopic images on bacterial adhesion on membrane surface
are shown in Figure 5a. The results were also compared with a model antifouling SBMA hydrogel
standard (SI Figure 3) which was detail described in our previous work [42, 56, 57]. The
unmodified membrane PA (4810 cell/mm2) has very higher bacterial adhesion ability than
zwitterionic modified membrane PAZ (352 cell/mm2) and the SBMA hydrogel standard sample
(37 cell/mm2). The zwitterionic AEPPS effectively enhanced the antibacterial property of the
modified membrane surface. This improvement was due to the smooth and superhydrophilic
surface of the zwitterion incorporate FO membrane surface.
4.3.4 Antifouling Characteristics of the TFC FO membranes
The antifouling properties of the resulting membranes in static and dynamic modes were
investigated in detail. Antifouling property is an essential characteristic of membrane technology
because severe fouling would degrade membrane performance and thus reduce operation lifetime.
Reversible fouling on membrane surfaces can be reversed through a suitable cleaning procedure.
Nevertheless, fouling may result in the irreversible and permanent deterioration of membrane
performance. Thus, as shown in Figure 5b-d PA and PAZ were subjected to static protein
adsorption and dynamic fouling tests. Previous studies have shown that the zwitterionic material
can reduce the adsorption of positively and negatively charged foulants [29, 37, 38] and enhance
water permeability [28, 33, 36]. In the static protein adsorption test (Figure 5b), PA and PAZ were
exposed to LYZ and BSA in PBS buffer solution at the constant pH of 7.4. At pH 7.4, the surface
charges of BSA and LYZ were −22.3 and +3.5 mV (Figure 3f), respectively [31]. In accordance
with the literature, the antifouling performance of PAZ was observed to be better than that of PA
[55]. PA absorbed 93.52 µg/cm2 BSA and 151 µg/cm2 LYZ. PAZ absorbed 38.69 µg/cm2 BSA
and 51.48 µg/cm2 LYZ. PA and PAZ showed lower adsorption ability for BSA than for LYZ. This
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characteristic was associated with the surface charge and roughness of the membranes. Real
foulant protein adsorption ability should be lower than the results obtained in the present study
because the actual membrane is an asymmetric TFC membrane that has a zwitterionic layer only
on its active side. Therefore, PA and PAZ will inevitably encounter dynamic fouling test (Figure
5c).
A model solution containing 0.45 mM KH2PO4, 9.20 mM NaCl, 0.61 mM, MgSO4, 0.5
mM NaHCO3, 0.5 mM CaCl2, and 0.93 mM NH4Cl and SA was used as the potential foulant
because it contained mono- and divalent inorganic ions, monovalent inorganic anions, and the
organic foulant SA with multiple functional groups that may interact with the membrane surface.
This model solution has also been used in dynamic membrane fouling tests in other works because
SA can be used to simulate the polysaccharides present in city wastewater (secondary wastewater
effluent) [43]. Especially, the bridging is easy to form between the alginate molecular and Ca2+
ions, and it will cause the alginate crosslink then to form the gel-layer on the membrane surface.
Consequently, the gel-layer may crash the stable driving force and lead to a low water flux. The
drastic reduction in water flux over operation time was attributed to considerable membrane
fouling [20]. Water flux through the PAZ membrane remained stable even after constant
permeation with 500 mL (50% recovery) of the model solution. The baseline experiment was
performed prior to the dynamic fouling experiment. These results demonstrate the substantial
improvement in the antifouling characteristics of the membrane fabricated through SIP with
zwitterionic modification. In accordance with previous studies [15, 58], the normalized water flux
of the PA or PAZ membrane could be restored to 100% after cleaning with 15 mM NaCl solution
at 21 cm/s (Figure 5d) [47]. Hence, in terms of performance the result confirms that a resilient FO
membrane process was achieved using these modified membranes.
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Figure 5: Antibacterial and antifouling characteristic of TFC membranes: (a) Bacterial attachment
experiment (b) adsorption characteristics of charged proteins on membrane surfaces; (c) dynamic
fouling test with a model foulant; (d) efficacy of the cleaning step
Produced water is a complex stream which contains oil and grease, high TDS, various
surfactant organic chemical and so on [25, 59-61]. With significant advancement in the horizontal
drilling and hydraulic fracturing techniques, recycling the produced water is a big challenge in
order to reduce the volume of water waste for economic benefits [62]. Herein, to investigate the
commercial aspects of these TFC TO membranes, actual produced water samples were used to
investigate the antifouling properties. Specific water Normalized water flux (L/(m2-h-bar))
measurement data using the produced water as feed the water analysis of produced water is shown
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in Table 1 4M NaCl as draw solution, was calculated as Jw/ π; where Jw is the actual flux and π is
the osmotic pressure of draw solution as shown in Figure 6a. Minimized fouling effects were
evident in case of PAZ as compared to PA with a reduced slope of flux decay. The experiment
was run until accumulation of 600 mL permeate (~ 60% recovery). In case of PA membrane
dramatic decline in specific water flux of ~52% was observed, in contrary to the gradual decrease
of ~20% for PAZ membrane. The improved performance of the PAZ membrane can be mainly
attributed to the enhanced antifouling properties of the membrane arising due to incorporation of
zwitterionic moieties. Moreover, the recoverability data as shown in Figure 6b, showed that the
PAZ membrane reached to almost 60% much faster within 16 h as compared to PA membrane
which took almost 24 h. The faster recoverability can be attributed to higher water flux due to low
antifouling property of the PAZ membrane. Overall, the PAZ membrane exhibited good separation
performance against the real produced water samples obtained from Apache (Houston, TX).
company. However, development of a sustainable operation process is another severe obstacle for
the application of these membranes. Regeneration of the draw solution is considered to be an
important parameter for FO processes. The combined FO-MD process has a huge potential to be
a long-term solution for future commercial application of these membranes. It can combine both
advantages (FO: low fouling, MD: high rejection) and mitigate both disadvantages (FO: the draw
solution has to be regeneration, MD: severe fouling-fouling interaction between membrane and
foulant) to build a low consumption produce water reuse plant [62].
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Figure 6 Water flux measurement data for produced water sample, normalized water flux
(a) and recoverability (b).
Table 1

Produced water analysis

4.4 Conclusion
In the scope of this study, asymmetric TFC FO membranes were fabricated from PSf
support through superfast SIP processes involving PA followed by incorporation of zwitterionic
moieties. Unlike conventional in situ modification, the SIP method used in this study was able to
avoid the influence on the structure of the selective layer and additionally, promoted the antifouling
and antibacterial properties. The zwitterionic surface modification was confirmed by ATR-FTIR
spectroscopy and XPS. The surface morphology associated with the modification was investigated
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using SEM and AFM images. Electrostatic interaction between zwitterion incorporated membrane
surfaces and water molecules significantly lowered the water contact angle from 80° to 15° and
oil contact angle from 110° to 160° which in turn confirms the introduction of superoleophobicity.
A significant reduction in the structural parameter from 1.06 mm to 0.66 mm was observed as
evidenced by enhanced water flux and permeability. Moreover, the presence of zwitterionic
moieties on the membrane surface substantially reduced the absorption of the negatively charged
BSA and the positively charged LYZ. Dynamic fouling tests with the model foulant SA revealed
that the permeability of the membranes remained constant during FO testing indicating significant
improvement in antifouling characteristics of the membranes. The modified membrane showed
ten times lower bacterial attachment than the unmodified membrane using E. Coli. Overall, the
fabricated zwitterion-augmented FO membranes exhibited improved performance in terms of
water flux with lower membrane structure parameter and recoverability as compared to
unmodified membranes. with significantly improved antifouling and antibacterial properties.
Combined FO-MD processes using these membranes have huge potential for commercial
application for cost-effective pretreatment of surface as well as ground water for pollution
reduction.
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Supplementary
SI 1.

Evaluation of FO performance
The FO membrane test was operated in cocurrent flow mode at the flow rate of 1 L/min

on the feed solution and draw solution sides. NaCl solution (1–2 M) was selected as the draw
solution to provide osmotic pressure as the driving force. DI water was used as the feed solution
during FO examination. The efficient active membrane area of the FO membrane cell was 20
cm2. The width and depth of the FO membrane were 4.5 and 0.2 cm, respectively. The water
𝐹𝐹𝐹𝐹
) and reverse salt flux (𝐽𝐽𝑆𝑆𝐹𝐹𝑂𝑂 ) in the FO mode were determined by using Equations (1) and
flux (𝐽𝐽𝑊𝑊

(2) [1]:

𝐹𝐹𝐹𝐹
𝐽𝐽𝑊𝑊
=

𝐽𝐽𝑆𝑆𝐹𝐹𝐹𝐹 =

∆𝑉𝑉
× ∆𝑡𝑡

𝐴𝐴𝐹𝐹𝐹𝐹
𝑚𝑚

∆(𝐶𝐶𝑡𝑡 × 𝑉𝑉𝑡𝑡 )
𝐴𝐴𝐹𝐹𝐹𝐹
𝑚𝑚 × ∆𝑡𝑡

(1)

(2)

where ∆V is the volume difference of the draw solution for a fixed period of 10 min (∆t), 𝐴𝐴𝐹𝐹𝐹𝐹
𝑚𝑚 is

the effective membrane area of a FO membrane cell, and ∆(𝐶𝐶𝑡𝑡 × 𝑉𝑉𝑡𝑡 ) represents the weight of salt
in the feed solution.

Prior to data collection, the membrane was run for 1 h to achieve a steady flux. Salt
concentration in the feed solution was determined by using a conductivity meter (Cone 3110,
TWT, Germany). ∆V was measured by using a digital balance (JL6001GE/A, Mettler Toledo,
USA).
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SI 2.

Evaluation of Intrinsic Membrane Properties
Intrinsic membrane properties, including pure water permeability A, solute permeability B,

and solute rejection R, were characterized by using a custom-made laboratory scale crossflow RO
apparatus, which had been described in a previous work [2]. Prior to data collection, the membrane
was compacted at 100 psi for 3 h to obtain a steady water flux. Hydraulic pressure was reduced to
90 psi, and flow rate was fixed at 0.6 LMP for at least 1 h prior to data collection. A in LMH/bar
was determined using Equations (3) and (4) as follows:
𝑅𝑅𝑅𝑅
𝐽𝐽𝑊𝑊
=

∆𝑉𝑉
× ∆𝑇𝑇

𝐴𝐴𝑅𝑅𝑅𝑅
𝑚𝑚

A=

𝑅𝑅𝑅𝑅
𝐽𝐽𝑊𝑊
∆𝑃𝑃

(3)

(4)

where ∆V is the volume difference of the permeate for a fixed period of 30 min (∆t). 𝐴𝐴𝑅𝑅𝑅𝑅
𝑚𝑚 is the
efficient active area (12 cm2) in the membrane cell. ∆P is the hydraulic pressure employed during

the membrane test in RO mode. R and B in LMH were determined using Equations (5) and (6), as
follows:
𝑅𝑅 = �1 −
𝐵𝐵 =

𝐶𝐶𝑝𝑝
� × 100%
𝐶𝐶𝑓𝑓

1 − 𝑅𝑅
× 𝐴𝐴 × �∆𝑃𝑃 − ∆𝜋𝜋𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 �
𝑅𝑅

(5)
(6)

where 𝐶𝐶𝑝𝑝 and 𝐶𝐶𝑓𝑓 are the salt concentrations in the feed solution tank and permeate, respectively,

as detected by a conductivity meter (Cone 3110, TWT, Germany). ∆π_feed represents the osmotic
pressure in the feed solution (1,000 ppm NaCl).
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Following analysis in FO and RO modes, the structural parameter S (mm) of the support
layer was determined using Equation (7) as discussed in a previous work [3].
𝑆𝑆 =

𝐷𝐷𝑠𝑠
𝐵𝐵 + 𝐴𝐴 ∙ 𝜋𝜋𝐷𝐷,𝑏𝑏
�
𝐹𝐹𝐹𝐹 × ln �
𝐹𝐹𝐹𝐹
𝐽𝐽𝑊𝑊
𝐵𝐵 + 𝐽𝐽𝑊𝑊
+ 𝐴𝐴 ∙ 𝜋𝜋𝐹𝐹,𝑚𝑚

(7)

where Ds is the NaCl diffusion coefficient, which is equal to 1.484*10−9 m2 s−1 at 25 °C
[4,5]; 𝜋𝜋𝐷𝐷,𝑏𝑏 (bar) is the osmotic pressure provided by the bulk draw solution; and 𝜋𝜋𝐹𝐹,𝑚𝑚 (bar) is the

osmotic pressure of the feed solution under the membrane surface. The osmotic pressure of DI
water was 0 bar.
SI 3.

Evaluation of antifouling performance

For the static fouling test, circular membranes with diameters of 2.54 cm were dipped in 1 mg
mL−1 BSA and LYZ solutions for 24 h. Then, the membranes were removed, and the solution was
analyzed for protein content through UV–vis spectroscopy by monitoring the change in the
intensity of the absorption peak at 280 nm. The absorption capacity of the membrane was
calculated as follows:
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=

(𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶. 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

(8)

The SA model was employed to investigate the dynamic fouling of the resulting
membranes. Prior to the experiment, both sides of the membranes were equilibrated with DI water
for 1 h. A feed solution containing 250 mg L−1 SA, 0.5 mM CaCl2, and 9.2 mM NaCl was used in
the dynamic fouling test.
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The following equation was used to calculate the normalized water flux for the evaluation
of the dynamic antifouling characteristics of the resulting membranes:
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

SI 4.

Cross-section SEM images
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Figure SI 1. Cross-section of SEM images: (left) PA; (right) PAZ.
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Abstract
Forward osmosis membranes based on ultrathin graphene oxide (GO) were fabricated. Suitable
crosslinking agents were used to tune the interlayer spacing of GO sheets to achieve the desired
membrane performance. The physicochemical properties of membranes were evaluated using
different techniques. The interlayer spacing of GO-based membranes was controlled the
interaction between the surface functionality of GO with the nature of crosslinking agents, such as
polyvinyl alcohol, meta-phenylenediamine (MPD) and 1,3,5-benzenetricarbonyl chloride (TMC).
The covalent bonds between the layer and crosslinking agents effectively suppressed the d-spacing
stretching. Unlike other symmetric structures of membranes, the GO-MPD/TMC behavior
observed in the ultrathin polyamide (36 nm) asymmetric structure for the performance of pressureretarded osmosis (PRO) mode showed the highest flux of 20.8 LMH and low reverse salt flux of
3.4 gMH. A consistent water flux for a long-term PRO operation was achieved using GOMPD/TMC membrane (~98.7%). Therefore, the GO-MPD/TMC membrane can be used to
suppress internal concentration polarization.
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5.1 Introduction
The lack of adequate and safe water is among the most important challenge of society.
However, rivers, groundwater and lakes that are the most important resources of Earth’s suffer
from pollution due to industrial, power plant and municipal wastes [1,2]. Meanwhile, seawater
desalination and wastewater reprocess are considered as favorable clarifications to increase water
supply and alleviate water scarcity worldwide by using membrane-based forward osmosis (FO)
and pressure-retarded osmosis (PRO)[3,4]. Forward osmosis has also been explored for effective
removal of heavy metals and also organic micro pollutants including phenol, nitrobenzene, aniline
etc. as an alternative to reverse osmosis [5,6]. Hence, world-wide water desalination is a
challenging research; it requires joint efforts from the research community and government. The
concept of the PRO is widely recognized as a potential technology for wastewater reuse and
seawater desalination.
Graphene oxide (GO) is a 2D layer structured material with multiple O-containing
functional groups, including hydroxyl, carboxylic acid and epoxy groups; it also has a wide range
of application in the mechanical and electronic industries.[7,8] Nevertheless, GO-based membrane
technology is used mainly for ionic and molecular sieving.[9] GO is an amphiphilic nanomaterial,
which initially absorbs water molecules through the hydrophilic nature of the functional groups.
Subsequently, the absorbed water molecules are diffused to the hydrophobic behavior generating
water channels, which may be responsible for the enhanced water permeability through GO-based
membranes.[10–13] The nanochannel of ~0.3 nm of GO membrane is sufficient for the permeation
of water molecules.[9,11] However, water molecules or other solvents, including constituents’
ions, interact with the different functional groups present in the GO layer. Consequently, the
enhanced interlayer spacing can be applied in tuning the diameter of nanochannel and the
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separation behavior of GO-based membranes.[14–17] Various kinds of GO-based membranes,
including thin-film composite, reverse osmosis (RO), nanofiltration (NF), microfiltration,
ultrafiltration and desalination, exhibited improvement in mechanical strength, antimicrobial
characteristics, selectivity, water permeability and thermal stability compared to the conventional
membranes.[18–21] Hence, GO-based membranes are used to remove dyes, separate monovalent
and divalent ions, efficiently capture and dehydrate solvent–water mixtures.[22–30]
GO layers are usually incorporated in membranes by Langmuir–Blodgett assembly.
Noncovalent bonding on inactive porous support is performed via layer by layer assembly and
surface modification via covalent bonding by using different functionalities present on the GO
surface, deposition on a porous support, evaporation to self-assembly and so on.[22,31–36] The
laminate structure and adhesiveness are two important factors highly influenced by the nature of
the porous support materials.
In the present work, we fabricated GO-based different crosslinking membranes by using
the pressure-assisted self-assembly technique. The perpetration of GO, GO- polyvinyl alcohol
(PVA), GO-MPD, GO-TMC and GO-MPD/TMC membranes were analyzed using different
techniques to characterize surface properties, such as zeta potential, X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM). The GO-TMC and GO-MPD/TMC
showed asymmetric behavior, while other membranes showed symmetric properties. The effect of
interlayer spacing on the overall performance of the membranes in terms of permeability and
reverse salt flux (Js) was investigated. The membrane performance was tested using a glass tube
with FO/PRO cell, as shown in Fig. 1.
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Fig. 1. Schematic experimental setup for the FO/PRO performance of the GO-based composite
membranes.
5.2 Experimental Section
5.2.1 Materials
All the materials used in the present investigation are of analytical grade unless stated
otherwise. Polyvinylidene fluoride (PVDF) membranes of with a pore size of 0.22 μm was
purchased from EMD Millipore (CA, USA). 1,3,5-Benzenetricarbonyl chloride (TMC), MPD and
polyvinyl alcohol were obtained from Alfa Aesar (Haverhill, MA, USA). NaCl was obtained from
Nihon Shiyaku Industries Ltd. (Tokyo, Japan). Deionised (DI) water produced by Thermo Fisher
18 MΩ Barnstead Smart2Pure system (Schwerte, Germany) was used throughout the experiments.
5.2.2 GO membrane fabrication
GO synthesis has been described previously. [32] A mixture of 4 g graphite-concentrated
H2SO4 and NaNO3 was heated at 80 °C for 2 h, and the resulting solution was cooled down in an
ice bath for 20 min. Afterwards, 16 g KMnO4 was added for 2 h with constant stirring to assure
homogeneous solution. The resultant solution was diluted using 400 mL of DI water, and 100 mL
of 30% H2O2 was allowed to stand for 1 day to obtain GO sheets. Finally, the homogeneous
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solution was washed with HCl and DI water up to neutralize the pH. The resulting GO sheets were
dried and exfoliated in DI water to prepare GO suspension by sonication.
The aqueous suspension of GO (20 mL, 25 ppm) was allowed to pass through a PVDF
membrane at a pressure of 5 bar, and the GO layer was detached from PVDF support to have a
symmetric GO membrane without any support layer. Thickness and size of GO nano sheet have
been evaluated using the method reported in the literature using AFM (atomic force microscopic
image analysis) [37]. A GO size of 4–8 µm was determined from the size distribution of several
GO sheets. From the inset chart, the GO thickness (marked with blue crosses on the image) was
evaluated as 1 ± 0.3 nm.
For preparation of GO-MPD and GO-PVA membranes, to an aqueous dispersion of GO
(25 ppm), 25 ppm of either PVA or MPD aqueous solution was mixed and stirred for 10 min at
ambient temperature in order to achieve complete homogenization. To avoid pre-crosslinking, the
20 mL mixed solution was filtrated using PVDF membrane at 5 bar and the GO membrane was
air dried under room temperature. This pressure assisted self-assembled technique was followed
from the literature [32]. GO-PVA, GO-MPD and GO-TMC membranes were obtained in similar
fashion. For the fabrication of GO-MPD/TMC membrane, 20 mL of 25 ppm TMC in hexane
solution was pressurized on GO-MPD membrane to generate the GO-MPD/TMC membrane.
Freestanding GO base membrane was stripped through a preserved hole (5 mm) with 3 M copper
double-sided tape. The homogeneity and absence of any local undesired reaction resulting
heterogeneous surface were checked by the scanning electron microscopic imaging (SEM).
5.2.3 Membrane characterization
The dynamic water contact angle of the GO-based composite membranes (dry and wet)
was measured by FACE Automatic Interfacial Tensiometer (Japan). All data were collected after
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1 s time interval up to a duration of 10 s. The surface morphology and symmetric/asymmetric
nature of the GO-based composite membranes were analyzed by field-emission SEM (FE-SEM)
by using FE-SEM Model S-4800 (Hitachi Co., Japan) with 15 kV electron beam. The XPS analysis
of these GO-based composite membranes were carried out using XPS (Thermo Scientific, K-Alpha)
with an Al Kα X-ray source (1486.71 eV, 5 mǺ, 15 kV) to prove crosslinking. The surface charge
of these GO-based composite membranes was determined in terms of zeta potential by using
dynamic light scattering (Zetasizer Nano ZS90, Malvern, United Kingdom). The flat surface cell
was measured with the surface at a pH of 7 and NaCl solution for calibration to evaluate the zeta
potential. To measure the interlayer spacing in GO-based composite membranes, we applied XRD
technique by using wide-angle XRD (Bruker D8 ADVANCE, Germany).
5.2.4 Membrane performance
The feed solution was directly in contact with the membrane. The osmotic pressure
difference created between the feed solution and the draw solution across the membrane is the
driving force for the forward osmic separation. A 2 M NaCl solution was used as the draw solution
in the FO and PRO modes for confirmation, where FO membranes was facing the dense active
side of the feed solution, and the PRO mode was facing on the porous supporting layer of the feed
solution. In the present studies, FO operation for the time resulting Δm of permeate corresponds
to the Δv through an effective membrane surface A. The water J value can be evaluated using the
equation below: [38,39]
𝛥𝛥𝛥𝛥

𝛥𝛥𝛥𝛥
𝜌𝜌
𝐽𝐽 =
=
𝐴𝐴 𝑡𝑡
𝐴𝐴 𝑡𝑡

(1)

where ρ denotes the density of the feed solution at the operating temperature. The reverse Js is a

quantitative measure for the loss of selectivity of FO performance. The salt solution J across the
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membrane from the draw side to the feed side. The lower the value of the reverse Js is, the better
the FO performance of the membrane is. If c and v are the concentration and volume of salt in feed,
then Js can be expressed as follows: [2,40]
𝐽𝐽𝑠𝑠 =

𝑐𝑐 𝑣𝑣
𝐴𝐴 𝑡𝑡

(2)

The normalized water J (Jn) for the FO process by using these GO-based composite membranes

can be evaluated in terms of the initial water J (J0) and the water J at time t (J) by using the
expression as follows:
𝐽𝐽𝑁𝑁 =

𝐽𝐽
𝐽𝐽0

(3)

The JSp for these GO-based composite FO membranes was determined in terms of the ratio of
specific Js to the water J, as follows:
𝐽𝐽𝑆𝑆𝑆𝑆 =
5.3 Results & Discussion

𝐽𝐽𝑠𝑠
𝐽𝐽

(4)

5.3.1 Characterization
To determine the hydrophilicity/hydrophobicity of the resulting GO-based composite
membranes, we measured the dynamic water contact angles, as shown in Fig. 2 (a). The water
contact angles of these composite membranes followed the following trend: GO < GO-PVA < GOMPD < GO-MPD/TMC < GO/TMC. The water contact angle was measured in the dry state of the
membranes. The contact angle values clearly indicated that except for GO/TMC composite
membranes, all GO-based composite membranes are highly hydrophilic in nature. Given the
presence of multiple hydroxyl and carboxylic groups on the surface of GO sheets, the GO
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membrane is highly hydrophilic in nature. Even the presence of polar epoxy group may contribute
towards the hydrophilicity of the GO membrane. However, the GO membrane shows a contact
angle ranging from 42° to 47° in the GO-PVA composite membrane reported by Lecaros et al.[24]
They also reported that the contact angle values increased with the increase in PVA content in the
GO-PVA composite membranes and increased to more than 62° at 8 wt% PVA content in GO.
Our investigation revealed that GO-PVA composite membrane possessed a water contact angle of
64°. The contact angles for GO-MPD, GO-MPD/TMC and GO/TMC were 74°, 83° and 92°,
respectively. The enhancement of contact angle via the incorporation of different crosslinking
agents revealed that the utilisation of –OH and –COOH groups in the GO surface of crosslinking
agents made the membrane less hydrophilic. Park et al.[26] reported a reduction in the water
contact angle by increasing the relative amount of GO in polysulfone membranes. Hung et al.
[32,35] reported that the GO–cellulose acetate composite membranes with different crosslinking
diamides possess contact angles ranging from 80° to 25°, thereby revealing the hydrophilic nature
of these composite membranes. For GO-PVA, the alcoholic -OH groups of PVA interact with
either epoxy group from GO resulting –OH and –O- moieties by opening up of epoxy ring; or
reacts with –COOH groups of GO resulting ester moieties. Some unused –OH groups of PVA also
add to the overall hydrophilicity of GO membrane. Therefore, by crosslinking with PVA, the water
contact angle increased marginally. GO-MPD membrane, the –NH2 groups from MPD were
utilized either to open up epoxy ring by nucleophilic attack or amide bond formation with GO COOH groups. Unlike PVA, no extra hydrophilic –OH groups were introduced and hence the
hydrophilicity of GO-MPD is lesser compared to GO-PVA. GO/TMC and GO-TMC/MPD are
asymmetric in nature. GO/TMC crosslinking occurred mainly by the reaction of –OH from GO to
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the acid chloride (-COCl) from TMC. Practically, for these two membranes the active surface
would have more evidence of polyamide or polyester moieties.

Fig. 2. Water contact angles (a) and zeta potential (b) for GO-based composite membranes with
different crosslinking agents.

The overall separation scheme of a membrane is highly influenced by the surface charge
of the membranes. [41–43] Therefore, zeta potential was measured for GO-based composite
membranes and depicted in Fig. 2 (b). The zeta potential was recorder at pH 7 for all the
membranes. The GO membrane possessed highly negative surface charge which can be attributed
to the presence of deprotonated carboxylic groups for the zeta potential value of −32.3 mV. GOPVA membrane showed less negative surface charge of zeta potential values of −18.5 mV than
that of the GO membrane. The utilisation of –COOH groups from the GO surface formation of
ester group coupling with the –OH group of PVA may be responsible for the reduction in the
negative surface charge for the GO-PVA composite membrane. The GO-polyamide composite
membranes also possess a negative surface charge in a pH range of 3.5–8.5. In GO-MPD, the
negative surface charge of the membrane further increased compared with that of GO membrane.
Although some –COOH groups from GO were utilised in the formation of amide linkage with
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MPD, the real reason for the enhanced negative surface charge is unknown. For other GO-based
composite membranes, the reduction in the negative surface charge indicated the less availability
of surface –COOH group due to its utilisation in TMC and MPD/TMC crosslinking compared with
GO membranes. The GO surface function groups interacted with the –OH and –NH2 groups of
TMC and MPD/TMC in crosslinking, and the negative surface charges, that is −28.5 and −23.1
mV, were measured, respectively. Hence, GO/TMC and GO-MPD/TMC membranes are suitable
for PRO and FO application. In GO-MPD, the negative surface charge of the membrane further
increased compared with that of GO membrane. Although some –COOH groups from GO were
utilized in the formation of amide linkage with MPD, the real reason for the enhanced negative
surface charge is unknown.
The FTIR spectra for GO based membranes are shown in Supplementary Fig. 1. The
absorption peaks at 3300, 1726, 1626, 1364, 1213, and 1029 cm−1 were assigned to stretching of
hydroxyl (OH), carboxyl (C=O), aromatic (C=C), carboxy (C-O), epoxy (C-O), and alkoxy (C-O)
groups, respectively. OH peak was found to be reduced after crosslinking. The sensitivity of FTIR
is not impressive and the above spectra did not give much information on the membrane
characterization. Therefore, it is essential to employ additional technique like XPS in order to
proper characterization of the resulting GO based membranes.
Fig. 3 shows the XPS spectra for GO-based composite membranes. The deconvoluted XPS
spectrum in the C 1s region for the GO membrane showed peaks at 288.2, 286.7, 284.6 and 285.6
eV which were assigned to –C=O, C-O-C, C-C and C-O/C-N, respectively. Similar XPS spectra
in the C 1s region was also reported by Zhang et al. [25] for carboxyl-functionalised GO polyamide
NF membrane, Lecaros et al.[24] for GO framework composite membrane, Hung et al. for GOframework membranes and Zhou et al.[25] for GO-based hollow fibre membrane. For GO-PVA
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composite membrane, the relative intensity of 285.6 eV peak was enhances due to the presence of
several hydroxyl groups from PVA moiety. Consequently, a significant reduction in the C–C peak
at 284.6 eV was observed. This reduction was similar for all the composite membranes possibly
due to crosslinking. A significant enhancement in the carbonyl peak intensity observed for
GO/TMC and GO-MPD/TMC membranes were ascribed to the contribution from several carbonyl
moieties of TMC crosslinking. The enhancement in –C=O peak was also reported by Zhang et
al.[25] for their carboxylic acid-functionalised GO-based membranes. The changes in the relative
intensities of diamine-based spacers/crosslinking agents in GO-based composite membranes was
also previously reported by Hung et al.

Fig. 3. XPS spectra for GO-based composite membranes, including (a) GO, (b) GO-PVA, (c) GOMPD, (d) GO/TMC and (e) GO-MPD/TMC membranes.

As shown in Fig. 4, the SEM images of GO-based composite membranes showed the
surface morphology, as well as the cross-section, of the membranes. The surface image of GO
membrane showed that it possesses nodular structure which is typical for GO surface. The GO
thickness was 152 nm. The cross-sectional image also clearly showed the appearance of GO sheet
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structure. The surface morphology changed significantly for GO composite membrane. The typical
signature of crosslinking on the surface was evident. The overall thickness of the membrane
increased to 222 nm; compared with GO-PVA, GO-MPD showed much similar surface
morphology to that of GO membrane. This phenomenon can be easily explained by considering
the fabrication mode and the size of the crosslinking agents. Given the smaller size of MPD than
PVA, the applied pressure caused the MPD molecules to penetrate the pores of the GO membrane.
Consequently, GO-MPD surface was similar to GO membrane. Meanwhile, successful
crosslinking was evident due to the enhancement of GO-MPD membrane thickness compared with
that of GO membrane. GO, GO-MPD and GO-PVA membranes were symmetric in nature, while
asymmetry was introduced for GO/TMC or GO-MPD/TMC membranes because TMC is insoluble
in water but soluble in organic solvent. The homogeneous distribution of GO/TMC crosslinking
was evident in the surface images of GO/TMC and GO-MPD/TMC membranes. The surface
morphologies of these two membranes were but distinctly different from the surface morphology
of the other membranes. The active layer was found on the top of the membranes where the
pressure was applied during the fabrication of GO/TMC membrane with a thickness of 193 nm.
For GO-MPD/TMC membrane, the active layer with a thickness of 36 nm was observed on a
regular GO membrane with a thickness of 197 nm, as well as on the typical signature of interfacial
polymerisation. During capturing the cross-sectional view of GO-MPD/TMC membrane, different
locations were randomly chosen in order to measure the polyamide active layer. The thickness
range was evaluated in the range 30-40 nm; hence the thickness was reported as 36±5 nm. The
overall SEM analysis also revealed an enhancement in the GO membrane thickness during
crosslinking, thereby enhancing the d-spacing between different GO sheets due to crosslinking.
Although similar enhancement in the d-spacing was also observed by the incorporation of diamine-
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based crosslinking agents into GO membranes, systematic X-ray diffraction (XRD) analysis is
essential.
(b)

(a)

(c)

GO

GO-PVA
(g)

(f)
152nm
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GO/TMC
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Fig. 4. SEM images for GO-based composite membranes; (a–e) surface; (f–j) cross-sectional view:
(a, f) GO; (b, g) GO-PVA; (c, h) GO-MPD; (d, i) GO/TMC; and (e, j) GO-MPD/TMC.
It is also required to mention that due to the presence of 36 nm thick active layer in GOMPD/TMC membrane, the surface characterization of this asymmetric membrane mostly
evidenced the signature of polyamide surface formed by MPD and TMC. The water contact angle
of 83º and zeta potential of – 24 mV are mostly due to the polyamide active layer. The relative
enhancement in the 288.2 eV and 285.6 eV peaks in deconvoluted XPS spectra for this asymmetric
membrane also suggested the enhancement of carbonyl (C=O) and (C-N) bonds on the active side
of the membrane surface. Both of these bonds are expected from the amide functionality of
polyamide layer formed by coupling of TMC and MPD.
Fig. 5 shows the XRD pattern for GO-based membranes in dry, as well as wet, condition.
An aqueous solution of 2 M NaCl was used for wet condition to mimic effect of draw solution on
the d-spacing of GO layers. For asymmetric membranes the active layers were subjected to the
investigation. In the dry state, the GO membrane possessed the d-spacing of 0.85 nm which is
similar to that reported in our previous investigations. [24,32] The slight change either can attribute
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to the different mode of preparation of the GO membrane or may be within the error limit, as
shown in Fig. 5 (a, c). The wet state of the d-spacing GO membrane increased due to the
penetration of water molecules and salt ions between the layers. Similar enhancement in the dspacing was also reported in the literature. The extent of enhancement in the d-spacing was
dependent on the interaction between the solvent molecules containing ions and the GO sheets, as
shown in Fig. 5 (b, c). In the present study, the enhancement in the d-spacing was due to the
electrostatic interaction between H2O molecules, Na+ and Cl− ions with –COOH and epoxy
groups from GO sheets. The crosslinking agents showed enhanced d-spacing behaviour utilised in
suitable tuning of the interlayer spacing in GO-based membranes and GO composites membrane
achieved either flux (J) improvement or rejection.

Fig. 5 (a-c) XRD analysis for GO-based composite membrane in dry and wet conditions in
understanding the d-spacing between GO sheets.

The GO composite membrane prepared in dry condition showed the following d-spacing
trend: GO < GO-MPD/TMC < GO-MPD < GO/TMC < GO-PVA, respectively. The largest d-
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spacing for GO-PVA can be attributed to the bridging of polymer molecules between two GO
sheets. The opening of the strained epoxy ring of GO surface interacted with the nucleophilic
attack of –OH groups from the PVA polymer. The wet condition for GO-PVA membranes
enhanced the interlayer spacing possibly due to the swelling of bridged PVA polymer molecules
apart from the conventional solvent–GO interaction. In GO-MPD membrane, an amide linkage –
NH2 group of MPD was observed between the –COOH group of the GO surface, and the epoxy
ring opening into the nucleophilic attack of –NH2 group of MPD may be responsible for the
enhanced interlayer spacing. GO sheet interaction was modified, thereby resulting in decreased
interaction with the solvent molecules in wet state. Hence, only marginal enhancement in the dspacing of GO-MPD membrane was observed in the wet condition compared with dry condition.
GO/TMC and GO-MPD/TMC membranes exhibited asymmetric membrane synthesis strategy, as
shown in the SEM image. The acid chloride (–COCl) groups of TMC were not expected the form
any strong bond between the two consecutive layers of GO. Therefore, the slight enhancement in
TMC was associated with the GO membrane and the TMC molecules between the two layers of
GO membrane due to high pressure fabrication. The membrane in the wet state showed
enhancement in the interlayer spacing of GO/TMC membrane. GO-MPD/TMC and GO-MPD
membranes were also fabricated in an aqueous medium, followed by pressurising of TMC in an
organic medium. The both phases were utilised to result in the asymmetric behaviour of GOMPD/TMC membrane. The interlayer spacing between both conditions (dry, wet) also revealed
the compression of GO-MPD/TMC membrane. The simplified chemical structures of these GO
composite membranes are depicted in Fig. 6, as follows:
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Fig. 6. Simplified chemical structure of GO-based composite membrane.

5.3.2 Membrane performance
An overall performance of GO composite membrane was used carried out the operation
for 6 h by using the FO, RO and long-term stability, as shown in Fig. 7. The FO modes, as well as
the PRO modes, were evaluated in terms of the water J, reverse Js and specific J (JSp). As shown
in Fig. 7 (a, b), the water J in both modes followed the trend as follows: GO < GO-PVA <
GO/TMC < GO-MPD < GO-MPD/TMC. The reverse Js values showed the trend as follows: GO >
GO-PVA > GO/TMC > GO-MPD > GO-MPD/TMC. Interlayer spacing highly influenced the
penetration of water molecules across the membrane. The observed water flux is the resultant of
two counter motion: motion of water molecules from feed to permeate side and motion of the ions
of the salt from permeate to feed side. For dense membrane, the contribution of the 2nd factor is
insignificant, while with increase in porosity of the membrane, the 2nd factor contributes. The
observed water flux is the resultant of two counter motion: motion of water molecules from feed
to permeate side and motion of the ions of the salt from permeate to feed side. For dense membrane,
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the contribution of the 2nd factor is insignificant, while with increase in porosity of the membrane,
the 2nd factor contributes. The enhancement in d-spacing increased the motion of water molecules,
but the flow of salt from the draw side to the feed side also increased. Therefore, the interlayer
spacing favored both motions which are directed oppositely, that is the motion of water molecules
from the feed side to the draw solution side and the motion of salt ions from the draw solution side
to the feed side. Consequently, the observed water J was a result of these two counter motions. As
shown in Fig. 7 (c), JSp followed the trend: GO > GO-PVA > GO/TMC > GO-MPD > GOMPD/TMC. The water J values of GO, GO-MPD and GO-PVA membranes were similar in both
FO and PRO modes. In the FO mode, the dense active layer faced the feed solution, and the PRO
mode is the porous supporting layer facing the feed solution. Similar J values were observed for
GO, GO-PVA and GO-MPD membranes in both modes in terms of symmetric behaviour and
GO/TMC and GO-MPD/TMC membranes in terms of asymmetric nature which were also
concluded from the SEM image analysis. By contrast, the GO/TMC and GO-MPD/TMC
membrane performances of the water J values for PRO mode were higher than those for FO mode
which was in accordance with our hypothesis.
These two oppositely directed motions can also be evidenced by determining the water J
as a function for up to 6 h. A drastic decrease in water J for GO membrane was attributed
predominantly to reverse Js in the wet state which created obstacles in the motion of water
molecules from the feed to the permeate stream. A similar reduction in water J with time was
observed for GO/TMC membrane. Long-term experiments showed a particular trend. The
membrane with significantly different d-spacing between dry and wet states was high showed high
reduction in water J during a long-term FO operation. Therefore, the asymmetric membrane GO-
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MPD/TMC and symmetric membrane GO-MPD showed stable J for almost all throughout the
operation for 6 h.
The severe internal concentration polarization was reported to be responsible for lowering
the permeate flux in FO mode compared to PRO mode. Hence the flux in PRO mode was found
to be 1.6 – 2 times more compared to that of FO mode [44–48]. In view of this, the observed lower
flux value in FO mode was referred to internal concentration polarization. For the asymmetric
membrane, two orientations of the membrane are studied: one with the active layer facing the feed
solution (FO mode) and the other with the active layer facing the draw solution (PRO mode). When
the feed solution is against the active layer and the draw solution is against the backing layer, as
in the case of FO desalination, the ICP phenomenon now occurs on the permeate side. We refer to
this as dilutive ICP since the draw solution is diluted by the permeate water within the porous
support of the membrane [49]. In view of this, the observed lower flux value in FO mode for
present investigation was referred to internal concentration polarization. Moreover, in present
investigation the flux value in PRO mode is 1.15 times than that in FO mode. This clearly indicates
that there is suppression of ICP, i.e. from 1.60-2.00 times to 1.15 times.
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Fig. 7. Performance of GO-based membranes in terms of (a) water flux, (b) reverse salt flux, (c)
specific flux and (d) normalized flux as a function of time (up to 6 h).
5.4 Conclusion
GO interacting with different crosslinking agents (i.e. PVA, MPD and TMC) were used to
fabricate the symmetric membrane, and composite membranes were used to carry out FO and PRO
studies for up to 6 h. The composite membranes were confirmed using various techniques for the
physicochemical properties, and these results confirmed to the successfully fabricated membrane.
However, this result was attributable to the utilisation of hydroxyl and carboxylic acid groups on
the surface of GO interacting with the different crosslinking agents. GO-PVA, GO-MPD,
GO/TMC and GO-MPD/TMC membranes enhanced the water contact angle, consequently
reducing the hydrophilicity of the membrane. XRD analysis was also carried out to study the dspacing between two consecutive layers of GO membranes in dry, as well as in wet, state. Large
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interlayer spacing did not only facilitate the movement of water from the feed side to the permeate
side but also the salt from the draw solution side to the feed side. These mutually opposite motions
determined the overall water J of the composite membranes. Long-term membrane operation also
revealed that GO-MPD/TMC and GO-MPD membranes exhibited stable water J in FO mode for
6 h. Given that GO, GO-PVA and GO-MPD are symmetric membranes, both FO and PRO modes
showed similar water J values, while GO/TMC and GO-MPD/TMC membranes on the PRO mode
showed higher J PRO values than FO mode values. GO-MPD/TMC composite membrane
achieved the higher J PRO mode values than the FO values in the water desalination. It can also
suppress internal concentration polarisation remarkably.
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Chapter 6. Characterization of a Thermoresponsive Chitosan Derivative as a Potential Draw
Solute for Forward Osmosis
R.L.G. Lecaros, Z.-C. Syu, Y.-H. Chiao, S.R. Wickramasinghe, Y.-L. Ji, Q.-F. An, W.-S. Hung,
C.-C. Hu, K.-R. Lee, J.-Y. Lai
(Reproduced with permission from ref. [5], copyright (2019) Environmental Science &
Technology.)
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Abstract
A thermoresponsive chitosan derivative was synthesized by reacting chitosan (CS) with butyl
glycidyl ether (BGE) to break the inter- and intramolecular hydrogen bonds of the polymer. An
aqueous solution of the thermoresponsive CS derivative exhibits a lower critical solution
temperature (LCST) than CS, and it undergoes a phase transition separation when the temperature
changes. Successful incorporation of BGE into the CS was confirmed by FTIR and XPS analyses.
Varying the BGE content and the concentration of the aqueous solution produced different LCST
ranges, as shown by transmittance vs. temperature curves. The particle size was observed by
scanning electron microscopy, which revealed that the particles were smaller and well dispersed
at 15 °C, whereas the particles became larger and tended to aggregate at 60 °C. A similar trend
was observed with the mean particle size measured using dynamic light scattering. Positron
annihilation lifetime spectroscopy data also revealed the reversibility of the particle properties as
a function of temperature. Microstructure analysis showed that the particles had larger free-volume
sizes at 15 °C than at 60 °C. A simple forward osmosis (FO) test for dye dehydration revealed the
potential use of the thermoresponsive chitosan derivative as a draw solute with a flux of 8.6 L/m2h.
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6.1 Introduction
Thermoresponsive polymers dissolve in aqueous solution at temperatures below their
lower critical solution temperature (LCST) and are phase separated at temperatures above their
LCST. Such stimuli-responsive polymers are important and have attracted much attention due to
their diverse applications in biomedicine[1] and separation processes.[2-7] LCST behavior is
observed when the inter- and intramolecular interactions vary with increasing temperature.[8, 9]
Thus, grafting hydrophobic groups onto the polymer chain can tune the thermoresponsive behavior
by disrupting the inter- and intramolecular hydrogen bonds of the polymers.[1] Thermoresponsive
materials based on natural polymers have drawn great interest because of their attractive properties,
which include biocompatibility, biodegradability and non-toxicity. Chitosan (CS), the partially
acetylated cationic (1,4)-2-amino-2-deoxy-β-D-glucan, possesses these distinct properties, which
makes it a good candidate for various applications. CS is only soluble in dilute aqueous acid
solution. It has two reactive groups (amino and hydroxyl groups) where a monomer can be added
through different chemical modification techniques, potentially changing or enhancing its
properties. [10, 11]
One of the modern-day concerns is having a sufficient supply of potable water for the future.
The forward osmosis (FO) process has currently gained attention as an alternative method of
desalination [12] [13] because it does not require high pressures, it is easy to operate, and it costs
less than reverse osmosis. [14-18] However, several factors should be considered when performing
FO. One of the major obstacles is selecting a good draw solute. The draw solute must be able to
generate an osmotic pressure greater than that of the feed solution, and it must be easily regenerated.
Cost, toxicity, stability and back diffusion must also be considered. Butyl glycidyl ether (BGE)
covalently bound to starch molecules has been previously demonstrated to undergo phase
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separation above its LCST. [1] Other research has shown that a thermoresponsive cellulose ether
composed of BGE was grafted onto hydroxyethyl cellulose and exhibited both LCST behavior and
a critical flocculation temperature (CFT). This thermoresponsive cellulose ether was able to
encapsulate dyes at temperatures above its LCST and to separate them from water at temperatures
above the CFT.[2] In another case, an ionic liquid at temperatures below its upper critical solution
temperature (UCST) has been used in FO as a draw solute in treating high-salinity water;[4]
hydrophilic magnetic nanoparticles have also been used as draw solutes in FO.[19, 20]
Herein, we developed a non-toxic draw solute using CS that has been modified using the
hydrophobic monomer BGE, resulting in LCST behavior. The two reactive groups of CS, amine
and hydroxyl groups, act as nucleophiles that attack the epoxide ring of BGE. In the case of the
hydroxyl group of CS, it must first be attacked by a strong base such as NaOH, followed by the
opening of the epoxide ring. The resulting draw solute was subsequently used in forward osmosis
with Congo Red dye as the feed solution.
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6.2 Experimental Section

Scheme 1.
behavior.

Synthesis of the thermoresponsive chitosan derivative and a schematic of its LCST

6.2.1 Materials
CS (90% deacetylated) was acquired from Shimakyu’s Pure Chemicals. BGE (95%) was
purchased from Sigma-Aldrich. Glacial acetic acid (analytical grade, 99%) was acquired from
Scharlau. All other reagents and solvents were commercially acquired and were used without
further purification. The deionized water used in all experiment had a resistivity of 18 MΩ cm.
6.2.2 Synthesis of the thermoresponsive CS derivative
The synthesis reaction of CS with BGE is shown in Scheme 1. CS (2 g) was dissolved
using 10 ml of 2% (v/v) acetic acid. It was stirred in a three-necked round-bottom flask at room
temperature until all CS flakes were completely dissolved. The solution was heated under reflux
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to 75 °C in an oil bath, followed by the addition of 1.25 M NaOH and stirred for 1 h. Four
formulations were prepared using various volumes of BGE: CS-BGE-1 (1 ml BGE); CS-BGE-2
(3 ml BGE); CS-BGE-3 (6 ml BGE); and CS-BGE-4 (9 ml BGE). The reaction was conducted
under continuous stirring at 75 °C. After 5 h, the mixture was cooled in an ice bath and neutralized
to pH 7.0 using 1 M HCl. The product was washed three times with 90% (v/v) acetone. The
precipitate was filtered and then dried overnight at 50 °C.
6.2.3 Characterization of the thermoresponsive chitosan derivative
The compounds were analyzed by total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR) on a Perkin-Elmer Spectrum One over the wavenumber region from 4000 to 900 cm1

. X-ray photoelectron spectroscopy (XPS) was carried out on a Thermo Scientific K-Alpha to

characterize the elemental composition of the samples. LCSTs of 1 wt% CS-BGE aqueous
solutions were measured through turbidity measurements using a UV-vis spectrophotometer
(Perkin-Elmer Lambda 25) at 500 nm with a heating rate of 1 °C/min. Scanning electron
microscopy (SEM, Hitachi S4800) was performed to investigate the formed particles. The samples
were dried on a Si sample stage at 15 °C and 60 °C. The mean particle size distribution at 15 °C
and 60 °C was measured by dynamic light scattering (DLS) using a Beckman Coulter DelsaNano
S. The samples were measured for 90 s at each temperature.
6.2.4 Positron annihilation lifetime spectroscopy
The free volume in the 1 wt% aqueous solution of the thermoresponsive chitosan derivative
was measured using positron annihilation lifetime spectroscopy. A conventional fast-fast
coincidence spectrometer with a time resolution of 250 ps was used. A radioactive source of 22Na
(0.74 MBq) sealed between 12-µm-thick Kapton films was placed in the solution. Positron
annihilation lifetimes were recorded using a fast-fast coincidence timing system. A time-to-
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amplitude converter was used to convert the lifetimes and to store the timing signals in a multichannel analyzer (Ortec System). Two million counts were collected, and all positron annihilation
lifetime spectra were analyzed by a finite-term lifetime analysis method using the PATFIT
program. [21, 22]
6.2.5 Forward osmosis tests
The permeation flux was measured using small-scale U-shaped FO tubes from Narika Corp.
(OP-25U F35-2111). A thin-film composite membrane from Hydration Technologies, Inc. (HTI)
was placed and sealed between the two glass tubes. One side was filled with 0.025 wt% Congo
Red dye as the feed solution. The other side was filled with 1 wt% aqueous solution of CS-BGE3 as the draw solution. The temperature of the solutions was maintained at room temperature
during the FO tests. The water permeation flux (L/m2h) was calculated as the volume change of
the draw solution (L) over time (h) and effective surface area (m2) of the membrane. The
osmolality of the thermoresponsive chitosan derivatives and Congo Red dye was measured using
an osmometer (model 3320 micro-osmometer, Advanced Instruments, Inc.).
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6.3 Results & Discussion
6.3.1 Modification of Chitosan

Figure 1.
FTIR spectra of BGE, CS, and CS derivatives: CS-BGE-1, CS-BGE-2, CS-BGE-3
and CS-BGE-4.

The FT-IR spectra of BGE, CS, CS-BGE-1, CS-BGE-2, CS-BGE-3 and CS-BGE-4 in
transmission mode are presented in Figure 1. The spectrum of BGE exhibited peaks at 2965 cm1

, 2940 cm-1 and 2867 cm-1, which are all attributed to alkyl –CH stretching vibrations. The peak

at 1110 cm-1 is attributed to the C–O–C stretching of the epoxide ring. The characteristic peaks of
the CS were observed at 3347 cm-1 and 3310 cm-1; these bands are assigned to the broad O–H and
N–H stretching, respectively. The CS spectrum also showed a –CH stretching vibration 2935 cm1

, a strong –NH2 bending vibration at 1650 cm-1, an N–H bending vibration at 1550 cm-1, a C–O–

C asymmetric stretching of the glycosidic linkage at 1070 cm-1, and a C–O stretching vibration at
1022 cm-1.
The spectra of the CS derivatives showed a broad stretching of O–H absorption at 33470
cm-1, which is attributed to the CS backbone. Compared with spectrum of the pristine CS, the
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spectra of the CS derivatives showed an increased band intensity for the alkyl groups (–CH
stretching) at 2965 cm-1, 2940 cm-1, and 2867 cm-1; this increase in intensity was due to the addition
of BGE. The band intensity also increased with increasing BGE content. The spectra of the CS
derivatives also showed weaker bands representing N–H bending absorptions at 1650 cm-1 and
1550 cm-1 as the BGE content was increased; the emergence of these bands indicates that BGE
bonded to the free amine groups of CS. The C–O–C band of the epoxide ring from BGE was not
observed in the spectra of the CS derivatives; however, the spectra of the CS derivatives showed
a shift of the C–O stretching band at 1100 cm-1, indicating that the epoxide ring was opened during
the reaction and bound to either the free –OH or the free –NH2 groups of the CS, thereby forming
an ether linkage. These results indicate that BGE was successfully grafted onto the molecular
chains of CS.
Table 1. XPS elemental analyses of CS and its derivatives.
C (%)

O (%)

N (%)

N/C

CS

61.64

31.81

6.55

0.106

CS-BGE-1

65.56

30.37

4.07

0.062

CS-BGE-2

68.29

28.74

2.97

0.043

CS-BGE-3

67.67

30.16

2.17

0.032

CS-BGE-4

68.87

28.34

1.79

0.026

XPS was performed to confirm changes in the elemental composition of the CS derivatives
prepared by the addition of BGE. Table 1 lists the elemental compositions and N/C ratios of CS
and its thermoresponsive derivatives. Compared to the carbon composition of the unmodified CS,
that of the CS derivatives increased when BGE was added. As a result, a decrease in the nitrogen
content was observed. These results show that upon the addition of more alkyl groups, the N/C
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ratio decreased. This noticeable trend indicates that changes occurred in the molecular structure
due to covalent bonding of BGE to the CS backbone. Both the FTIR and XPS analyses demonstrate
the presence of the hydrophobic moiety on the CS derivatives.
6.3.2 Thermoresponsive solubility
The LCST can be identified as the initial break point, [23, 24] as the temperature
corresponding to 90% transmittance [25, 26] or as the temperature corresponding to 50%
transmittance [1, 9, 24] in transmittance vs. temperature curves obtained by UV-Vis spectroscopy.
In this study, we chose to define the LCST as the temperature corresponding to 90% transmittance.
The initial break point does not apply to our curves because the curve drops too rapidly. On the
other hand, some curves did not reach 50% transmittance.

Figure 2. Transmittance vs. temperature curves of CS derivatives at 500 nm.
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Zhang et al. previously used thermoresponsive 2-hydroxy-3-butoxypropyl starch (i.e.,
starch molecules grafted with BGE) to demonstrate that the LCST behavior of the starch changed
with changes in molar substitution. [1, 9] Figure 2 shows the transmittance vs. temperature curves
of the modified CS derivatives with various BGE contents and different aqueous concentrations.
Neither CS-BGE-1 nor CS-BGE-2 exhibited temperature-dependent light transmittance. These
results are attributed to the low extent of BGE addition to the amine groups of the CS, as confirmed
by the FTIR spectra. However, CS-BGE-3 and CS-BGE-4 exhibited temperature-dependent light
transmittance, even at different concentrations of the aqueous solutions. These results demonstrate
that sufficient amounts of hydrophobic reagents must be added to the mixture to observe the LCST
behavior. We also observed that lowering the polymer concentration increases the LCST. The 0.5
wt% solutions of CS-BGE-3 and CS-BGE-4 did not reach transmittances lower than ~80% and
~90%, respectively. CS-BGE-3 exhibited the best observable thermoresponsive behavior among
the investigated formulations, as demonstrated by its sharp phase transition near ambient
temperature. With an increase in the BGE content, the number of hydrophobic groups on the CS
derivatives increased, which disrupted the inter- and intramolecular hydrogen bonds of the CS
backbone. The excessive disruption of hydrogen bonds resulted in a reduced thermoresponsive
effect.
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Figure 3. (a) Transmittance vs. temperature curves of CS-BGE-3 at different concentrations. (b)
The effect of concentration on LCST and ΔT1/2.

CS-BGE-3 was further characterized for its phase-transition behavior. Figure 3a displays the
effect of polymer concentration on the phase-transition behavior. Polymer solutions with
concentrations from 0.5 wt% to 2 wt% exhibited different LCST ranges. Solutions with lower
polymer concentrations exhibited higher LCSTs and broader phase transitions. With decreasing
polymer concentration, the light transmittance of the solutions decreased. This result is attributed
to the presence of less solute and insufficient polymer to aggregate and form a completely white
turbid solution, unlike the solutions with higher polymer concentrations. A sharp phase transition
is important for thermoresponsive smart materials. The microcalorimetric endotherm (ΔT1/2),
which is the half-value of the temperature difference between the final and initial break points in
the transmittance vs. temperature curves, was used to better evaluate the sharpness of the phase
transitions. [24] Figure 3b shows that the phase transition of the 0.5 wt% solution was broad and
that its ΔT1/2 was 19.5 °C. When the polymer concentration was increased to 2 wt%, the phase
transition became sharper, with a ΔT1/2 of 5.1 °C. This result can be explained by the effect of the
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polymer concentration on the time required for aggregation. [9] That is, when the polymer
concentration is low, additional time is needed to form aggregates.
6.3.3 Thermoresponsive behavior of CS derivatives

Figure 4. (a) Digital photographs of 1 wt% CS-BGE-3 aqueous solution at 15 °C and 60 °C, along
with corresponding SEM images of the particles. (b) Reversible changes in the mean particle size
of CS-BGE-3 aqueous solution at 15 °C and 60 °C.

We observed that the 1 wt% CS-BGE-3 solution turned turbid when heated beyond its LCST and
was able to return to its original state when cooled below its LCST (Figure 4a). This observation
reveals that the aqueous solution exhibits reversible thermoresponsive. The SEM images reveal
that particles were formed in the solution. The size of particles obtained by drying the solution at
15 °C was approximately 10 µm, whereas that of particles obtained from drying the solution at
60 °C was approximately 30 µm. The SEM images further show that the particles were uniformly
dispersed and that aggregates formed at higher temperatures. A similar trend was reported on the
basis of TEM images of a thermoresponsive cellulose ether. [2]
To thoroughly investigate the size of the particle and aggregation with respect to
temperature changes, dynamic light scattering (DLS) measurements were performed at 15 °C and
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60 °C (Figure 4b). The sample was analyzed at 15 °C for 90 s. The temperature of the sample was
then increased to 60 °C and analyzed for another 90 s. This test was repeated for three temperature
cycles. Interestingly, the mean particle size at 15 °C ranged from approximately 1100 nm to 1300
nm, whereas that at 60 °C initially ranged from 3000 nm and then abruptly increased with time to
approximately 4250–4750 nm. The size observed in the SEM images correlates with the DLS
results. Notably, the particle size at 60 °C continually increased with time, demonstrating that the
particles continued to aggregate. A possible reason for this behavior is the continued disruption of
the inter- and intramolecular hydrogen bonds in the polymer. The CS derivative has an amphiphilic
nature; thus, the hydrophobic groups from the hydrophobic reagent bonded onto the CS chain
provide a means for the molecule to form particles in solution.
6.3.4 Microstructure analysis of the thermoresponsive property by positron annihilation
lifetime spectroscopy

Figure 5. Positron annihilation lifetime spectroscopy analysis for 1 wt% CS-BGE-3 aqueous
solution at 15 °C and 60 °C. Reversible thermoresponsive behavior effect on (a) o-Ps lifetime and
free-volume size and (b) o-Ps intensity.
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Positron annihilation lifetime spectroscopy (PALS) is a highly sensitive technique for
monitoring conformational, structural and microenvironmental transformations arising from subtle
geometric changes in the molecular geometry of polymers. [27-31] Quantitative analysis of the
free-volume size and the free-volume size distribution for the thermoresponsive polymeric
aqueous solutions were determined by the PALS technique for the first time. Figure 5 shows the
o-Ps lifetime and o-Ps intensity of a 1 wt% CS-BGE-3 solution. The o-Ps lifetime is related to the
free-volume that is available between polymer chains. A longer o-Ps lifetime corresponds with
free-volumes with larger radii. As evident in Figure 5a, the free-volume size of the solution was
larger at lower temperatures than when heated to higher temperatures. At 15 °C, the o-Ps lifetime
was high at approximately 3.8–4.0 ns, corresponding to radii between 4.02 and 4.24 Å. When the
solution temperature was increased to 60 °C, the o-Ps lifetime decreased substantially to 2.1–2.4
ns, corresponding to radii between 2.86 and 3.20 Å. The temperature was then cycled. These
experiments show that the particles at 15 °C exhibit a larger free-volume than those at 60 °C,
suggesting a reversible thermoresponsive. Next, we monitored the o-Ps intensities, shown in
Figure 5b, to assess the available free-volume. Large o-Ps intensity values indicate large amounts
of free-volume holes. A similar trend was observed at 15 °C, where the intensity is higher,
indicating approximately 21–22% free-volume. However, when the temperature was increased to
60 °C, the o-Ps intensity decreased to approximately 10–12%. The data also show the reversibility
of the free volume. These results suggest that at low temperatures, the hydrophobic part of the CS
derivative is hidden within the well-dispersed particles. By contrast, at high temperatures, the
polymer chains tend to rearrange to expose the hydrophobic moiety and aggregate, which leads to
smaller free-volume holes. These events explain the dramatic changes in the o-Ps lifetime and oPs intensity during the phase transition. A better representation of this idea is shown in Scheme 1.
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At temperatures below the LCST, the polymer chains are linear and form hydrogen bonds with
water molecules, resulting in larger free-volume spaces. During the transition at temperatures
greater than the LCST, the polymer chains tend to fold and rearrange. In this phase, the hydrogen
bonds decrease, and the free-volume spaces shrink.
6.3.5 Thermoresponsive chitosan derivative as a draw solute

Figure 6. Osmolality of Congo Red dye and different concentrations of CS-BGE-3 aqueous
solution.

Current challenges in FO involve the development of good draw solutes. In this study, we
used a simple FO setup to initially study the potential of the thermoresponsive CS-BGE-3
derivative as a draw solute. The osmolality of the Congo Red dye and CS-BGE-3 aqueous solution
was evaluated; the results are shown in Figure 6. The osmolality of the dye was lower than that of
the thermoresponsive CS derivative at different concentrations in aqueous solutions. Notably, the
osmolality of the best thermoresponsive at 1 wt% CS-BGE-3 (492 mOsm) was higher than that of
the dye (133 mOsm). Thus, a 0.025 wt% Congo Red dye solution was used as the feed solution
and 1 wt% CS-BGE-3 as the draw solution. A commercial FO membrane was used. The
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experiment was performed at room temperature, which is below the LCST of the 1 wt% CS-BGE3 solution.

Figure 7. Simple FO test for 1 wt% CS-BGE-3 as draw solute. Feed solution: 0.025 wt% Congo
Red dye.

Figure 7 shows the setup used for FO. Initially, an equal volume of both the feed and draw
solutions were placed on either side of a commercial FO membrane. After a period of time, a 10
cm difference in height was observed between the feed and draw solutions. The calculated flux
was 8.6 L/m2h, indicating good permeation without back diffusion. The small particles may have
enhanced the drawability of the solution because they are more hydrophilic. The water from the
draw solution was collected and heated to a temperature above its LCST. Thermoresponsive after
the FO process can facilitate separation of the particles via microfiltration, enabling the particles
to be reused. More detailed FO operating conditions and thermoresponsive particle recycling will
be reported in the future. The synthesized thermoresponsive CS derivative showed potential to be
used as a draw solute in the FO process.
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6.4 Conclusion
In conclusion, a thermoresponsive CS derivative, CS-BGE, was synthesized from
hydrophilic CS reacted with hydrophobic BGE. The successful addition of BGE functional groups
was confirmed by FTIR spectroscopy and XPS elemental analysis. These experiments showed that
BGE was bound to both the amine and the hydroxyl reactive groups of the CS. Varying the BGE
content changed the LCST range, and the CS-BGE-3 formulation was observed to exhibit the best
response via a turbidity test by UV-vis spectroscopy. Increasing the concentration of the
thermoresponsive CS aqueous solution led to a decrease in the LCST. This change was due to
aggregation of more particles in solution with increasing temperature. SEM images showed the
aggregation of particles from 15 °C to 60 °C. A similar trend was observed for the mean particle
size determined by DLS; particles aggregated when the temperature was increased. When the
temperature was increased to 60 °C, the mean particle size continually increased within 90 s and
returned to a smaller size when the temperature was lowered back to 15 °C. Interestingly, the
PALS data also showed the reversibility of the particle formation. The free-volume sizes at lower
temperatures was larger than those at higher temperatures. These results demonstrate that changes
in the microstructures occurred during the phase transition. Furthermore, the results of simple FO
tests suggest that the synthesized thermoresponsive CS derivative can potentially be used as a draw
solute because it gives a flux of 8.6 L/m2h upon dye dehydration.
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Chapter 7. Conclusions and future direction
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7.1 Conclusions
Overall, this study includes enhancing the antifouling performance of FO membrane by
hydrophilic polymer, polyethylenimine (PEI), and homemade zwitterionic material, and mitigating
the ICP via graphene oxide supported composite membrane, as well as synthesizing a thermo
responsive draw solute. The aim in each topic is not only to improve the membrane performance,
but also understand the mechanism of action. Several characterization methods were also utilized
to determine physiochemical property. Additionally, the antifouling ability was evaluated by the
charged protein bovine serum albumin (BSA) and lysozyme (LYZ), bacterial Escherichia coli, and
synthesized wastewater sodium alginate solutions.
Polyethylenimine (PEI), a cationic, hydrophilic flexible polymer was incorporated into the
polyamide (PA) skin layer through an interfacial polymerization (IP) reaction. The modified thinfilm composite (TFC) membranes displayed improved forward osmosis performance with
enhanced water permeability and antifouling characteristics. The incorporation of PEI into the skin
layer is evidenced by different characterization techniques. PEI was found to induce a positive zeta
potential, high degree of hydrophilicity and high factional free volume into the active skin layer.
The increase in the relative composition of PEI in the active skin layer was found to decrease the
surface roughness and the skin layer thickness. An optimized PEI composition showed
significantly enhanced water permeability, salt rejection and fouling resistance in FO and PRO
mode.
Zwitterion augmented forward osmosis (FO) membranes were fabricated with polyamide
active layer on the polysulfone support to improve the overall performance and antifouling
characteristics. Augmentation by zwitterion was found to enhance the hydrophilicity and surface
roughness resulting in enhanced water permeability. The anionic moiety of the zwitterion was
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exposed outside, while the cationic moieties of the zwitterion were mostly retained towards the
core as suggested by negative zeta potential and protein absorption. Incorporation of zwitterions
was found to enhance the antifouling property of the membrane as evident from static and dynamic
test. The relative composition of zwitterion on active membrane surface was optimized by
investigating the trade-off between water permeability and reverse salt flux.
The fabrication of asymmetric thin film composite (TFC) FO membranes via second
interfacial polymerization (SIP) was studied. The active sides of the TFC membrane were modified
with zwitterionic polyamide moieties. The effects of SIP on the surface properties, morphologies,
and surface charges of the TFC membranes were systematically investigated. The membranes
exhibited drastically improved performance in forward osmosis. SIP and modification with the
zwitterionic PA moiety enhanced surface hydrophilicity and reduced the negative surface charges
of the membranes. Static protein absorption and dynamic protein fouling tests were performed
with the model foulant sodium alginate. These tests showed that the antifouling characteristics of
the asymmetric TFC membranes improved significantly. SIP with zwitterion incorporation
reduced protein absorption capacity and promoted consistent permeate flux during permeation
with the model foulant solution. The antimicrobial characteristic of these zwitterionic FO
membranes was demonstrated in terms of bacterial attachment on the membrane surface using
Escherichia Coli. These newly developed membranes not only have improved performance with
respect to enhanced permeability, but also reduced the surface structure parameter leading to
improved antifouling properties with respect to organic proteins and gram-positive bacteria.
A novel forward osmosis membrane based on ultrathin graphene oxide (GO) was
fabricated. Suitable crosslinking agents like MPD, TMC, PVA were used to tune the interlayer
spacing of GO sheets to achieve the desired membrane performance. The physicochemical
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properties of membranes were evaluated using different techniques. The interlayer spacing of the
GO-based membranes was controlled using the interaction between the surface functionality of
GO with the nature of crosslinking agents, such as polyvinyl alcohol, meta-phenylenediamine
(MPD) and 1,3,5-benzenetricarbonyl chloride (TMC). The covalent bonds between the layer and
crosslinking agents effectively suppressed the d-spacing stretching. Unlike other symmetric
structures of membranes, the GO-MPD/TMC behavior observed in the ultrathin polyamide (36
nm) asymmetric structure for the performance of pressure-retarded osmosis (PRO) mode exhibited
the highest flux of 20.8 LMH and low reverse salt flux of 3.4 gMH. A consistent water flux for a
long-term PRO operation was achieved using GO-MPD/TMC membrane (~98.7%). Therefore, the
GO-MPD/TMC membrane can be used to suppress internal concentration polarization.
A thermoresponsive chitosan derivative was also synthesized by reacting chitosan (CS)
with butyl glycidyl ether (BGE) to break the inter- and intramolecular hydrogen bonds of the
polymer. An aqueous solution of the thermoresponsive CS derivative exhibits a lower critical
solution temperature (LCST) than CS, and it undergoes a phase transition separation when the
temperature changes. Varying the BGE content and the concentration of the aqueous solution
produced different LCST ranges, as shown by transmittance vs. temperature curves. The particle
size was observed by scanning electron microscopy, which revealed that the particles were smaller
and well dispersed at 15 °C, whereas the particles became larger and prone to aggregation at 60 °C.
A similar trend was observed with the mean particle size measured using dynamic light scattering.
Positron annihilation lifetime spectroscopy data also revealed the reversibility of the particle
properties as a function of temperature. Microstructure analysis showed that the particles had
larger free-volume sizes at 15 °C than at 60 °C. A simple forward osmosis (FO) test for dye
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dehydration revealed the potential use of the thermoresponsive chitosan derivative as a draw solute
with a flux of 8.6 L/m2h.
In this dissertation, membrane physicochemical properties are studied, and antifouling
ability against protein, bacterial, and wastewater are promoted. The overall membrane
performance is enhanced. A novel fabrication method for ultra-thin membrane structure is
developed by a pressure-assisted assembly. A thermoresponsive draw solute was synthesized
which was found to be easily recyclable and reusable. Further, on the road towards
commercialization of the advanced membrane technologies reported in this work, there are still
many thorns that need to be conquered step by step in the future.
7.2 Future direction
Forward osmosis has shown superior features in many applications. In order to achieve
better performance with harsh feed solutions, the super antifouling FO membrane must be
established. Firstly, the advent of these new zwitterionic materials with inherent positive and
negative charges has proved to be advantageous as membrane composition to avoid interaction
between any charged foulants or bacterial species with the membrane surface. In another aspect of
this ongoing research, the fast and straight-forward “graft to” method is considered as one of the
most promising modification methods for scaling-up and commercialization.
In terms of industrial processes, the potential applications needed to be explored.
Application of this technology, for high value, thermo or pressure sensitive feeds such as blood,
enzymes and protein concentration is a promising direction. Moreover, the hybrid application of
FO-MD system can also be extended to a variety of areas such as food and dairy industry.
Development of the draw solution should continue since this is a need for efficient draw solution
regeneration process.
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